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ATGGCAGTGGATTCACCGGATGAGCGGCTACAGCGCCGCATTGCACAGTTGTTTGCAGAAGATG
AGCAGGTCAAGGCCGCACGTCCGCTCGAAGCGGTGAGCGCGGCGGTGAGCGCGCCCGGTATGCG
GCTGGCGCAGATCGCCGCCACTGTTATGGCGGGTTACGCCGACCGCCCGGCCGCCGGGCAGCET
GCGTTCGAACTGAACACCGACGACGCGACGGGCCGCACCTCGCTGCGETTACTTCCCCGATTCG
AGACCATCACCTATCGCGAACTGTGGCAGCGAGTCGGCGAGGTTGCCGCGGCCTGGCATCATGA
TCCCGAGAACCCCTTGCGCGCAGGTGATTTCGTCGCCCTGCTCGGCTTCACCAGCATCGACTAC
GCCACCCTCGACCTGGCCGATATCCACCTCGGCGCGGTTACCGTGCCOTTGCAGGCCAGCGCGG
CGGTGTCCCAGCTGATCGCTATCCTCACCGAGACT TCGCCGCGGCTGCTCGCCTCGACCCCGGA
GCACCTCGATGCGGCGGTCGAGTGCCTACTCGCGGGCACCACACCGGAACGACTGGTGGTCTTC
GACTACCACCCCGAGGACGACGACCAGCGTGCGGCCTTCGAATCCGCCCGCCGCCGCCTTGCCG
ACGCGGGCAGCTTGGTGATCGTCGAAACGCTCGATGCCGTGCGTGCCCGGGGCCGCGACTTACC
GGCCGCGCCACTGTTCGTTCCCGACACCGACGACGACCCGCTGGCCCTGCTGATCTACACCTCC
GGCAGCACCGGAACGCCGAAGGGCGCGATGTACACCAATCGGTTGGCCGCCACGATGTGGCAGG
GGAACTCGATGCTGCAGGGGAACTCGCAACGGGTCGGGATCAATCTCAACTACATGCCGATGAG
CCACATCGCCGGTCGCATATCGCTGTTCGGCGTCCTCGCTCGCGGTGGCACCGCATACTTCGCG
GCCAAGAGCGACATGTCGACACTGTTCGAAGACATCGGCTTGGTACGTCCCACCGAGATCTTCT
TCGTCCCGCGCGTGTGCGACATGGTCTTCCAGCGCTATCAGAGCGAGCTGGACCGGCGCTCGGT
GGCGGGCGCCGACCTGGACACGCTCGATCGGGAAGTGAAAGCCGACCTCCGGCAGAACTACCTC
GGTGGGCCCTTCCTGETGGCGETCETCGECAGCCCGCCGCTGGCCGCGGAGATGAAGACGTTCA
TGGAGTCCGTCCTCGATCTGCCACTGCACGACGGGTACGGGTCGACCGAGGCGGGCGCAAGCET
GCTGCTCGACAACCAGATCCAGCGGCCGCCGGTGCTCGATTACAAGCTCGTCGACGTGCCCGAA
CTGGGTTACTTCCGCACCGACCGGCCGCATCCGCGCGGTGAGCTGTTGTTGAAGGCGGAGACCA
CGATTCCGGGCTACTACAAGCGGCCCGAGGTCACCGCGGAGATCTTCGACGAGGACGGCTTCTA
CAAGACCGGCGATATCGTGGCCGAGCTCGAGCACGATCGGCTGGTCTATGTCGACCGTCGCAAC
AATGTGCTCAAACTGTCGCAGGGCGAGTTCGTGACCGTCGCCCATCTCGAGGCCGTGTTCGCCA
GCAGCCCGCTGATCCGGCAGATCTTCATCTACGGCAGCAGCGAACGTTCCTATCTGCTCGCGET
GATCGTCCCCACCGACGACGCGCTGCGCGGCCGCGACACCGCCACCTTGAAATCGGCACTGGCC
GAATCGATTCAGCGCATCGCCAAGGACGCGAACCTGCAGCCCTACGAGATTCCGCGCGATTTCC
TGATCGAGACCGAGCCGTTCACCATCGCCAACGGACTGCTCTCCGGCATCGCGAAGCTGCTGCG
CCCCAATCTGAAGGAACGCTACGGCGCTCAGCTGGAGCAGATGTACACCGATCTCGCGACAGGC
CAGGCCGATGAGCTGCTCGCCCTGCGCCGCGAAGCCGCCGACCTGCCGGTGCTCGAAACCGTCA
GCCGGGCAGCGAAAGCGATGCTCGGCGTCGCCTCCGCCGATATGCGTCCCGACGCGCACTTCAC
CGACCTGGGCGGCGATTCCCTTTCCGCGCTGTCCTTCTCGAACCTGCTGCACGAGATCTTCGGG
GTCGAGGTGCCGGTGEGTGTCGTCGTCAGCCCGGCGAACGAGCTGCGCGATCTGGCGAATTACA
TTGAGGCGGAACGCAACTCGGGCGCGAAGCGTCCCACCTTCACCTCGGTGCACGGCGGCGGTTC
CGAGATCCGCGCCGCCGATCTGACCCTCGACAAGT TCATCGATGCCCGCACCCTGGCCGCCGCC
GACAGCATTCCGCACGCGCCGGTGCCAGCGCAGACGGTGCTGCTGACCGGCGCGAACGGCTACC
TCGGCCGGTTCCTGTGCCTGGAATGGCTGGAGCGGCTGGACAAGACGGGTGGCACGCTGATCTG

FIG. 12A
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CGTCCTGCGCGGTAGTGACGCGGCCGCGGCCCGTAAACGGCTGGACTCGGCGTTCGACAGCGGE
GATCCCGGCCTGCTCGAGCACTACCAGCAACTGGCCGCACGGACCCTGGAAGTCCTCGCCGETG
ATATCGGCGACCCGAATCTCGGTCTGGACGACGCGACTTGGCAGCGGTTGGCCGAAACCGTCGA
CCTGATCGTCCATCCCGCCGCGTTGGTCAACCACGTCCTTCCCTACACCCAGCTGTTCGGCCCC
AATGTCGTCGGCACCGCCGAAATCGTCCGGTTGGCGATCACGGCGCGGCGCAAGCCGGTCACCT
ACCTGTCGACCGTCGGAGTGGCCGACCAGGTCGACCCGGCGGAGTATCAGGAGGACAGCGACGT
CCGCGAGATGAGCGCGGTGCGCGTCGTGCGCGAGAGTTACGCCAACGGCTACGGCAACAGCAAG
T6GGCGGGGEAGGTCCTGCTGCGCGAAGCACACGATCTGTGTGGCTTGCCGGTCGCGGTETTCC
GTTCGGACATGATCCTGGCGCACAGCCGGTACGCGGGTCAGCTCAACGTCCAGGACGTGTTCAC
CCGGCTGATCCTCAGCCTGGTCGCCACCGGCATCGCGCCGTACTCGTTCTACCGAACCGACGCG
GACGGCAACCGGCAGCGGGCCCACTATGACGGCTTGCCGGCGGACTTCACGGCGGCGGCGATCA
CCGCGCTCGGCATCCAAGCCACCGAAGGCTTCCGGACCTACGACGTGCTCAATCCGTACGACGA
TGGCATCTCCCTCGATGAATTCGTCGACTGGCTCGTCGAATCCGGCCACCCGATCCAGCGCATC
ACCGACTACAGCGACTGGTTCCACCGTTTCGAGACGGCGATCCGCGCGCTGCCGGAAAAGCAAC
GCCAGGCCTCGGTGCTGCCGTTGCTGGACGCCTACCGCAACCCCTGCCCGGCGGTCCGCGGCGE
GATACTCCCGGCCAAGGAGTTCCAAGCGGCGGTGCAAACAGCCAAAATCGGTCCGGAACAGGAC
ATCCCGCATTTGTCCGCGCCACTGATCGATAAGTACGTCAGCGATCTGGAACTGCTTCAGCTGC

TCTAA
FIG. 12A cont.

mavdspderlgrriaql faedeqvkaarpleavsaavsapgmrlagiaatvmagyadrpoagqr
afelntddatgrtslrllprfetityrelwgrvgevaaawhhdpenplragdfvallgftsidy
atldladihlgavtvplqosaavsqliailtetsprllastpehldaavecllagttperlvvf
dyhpedddqroafesarrrladagslvivetldavrargrdlpaaplfvpdtdddplalliyts
gstgtpkgamytnr laatmwggnsmlggnsqrvginlnympmshiagrislfgvlarggtayfa
aksdmstlfediglvrpteiffvprvcdmvfqrygseldrrsvagadldtldrevkadlrgnyl
ggrflvavvgsoploaemktfmesvldlplhdgygsteagasvlldngiqrppvldyklvdvpe
lgyfrtdrphprgelllkaettipgyykrpevtaeifdedgfyktgdivaelehdrlvyvdrrn
nvlklsqgefvtvahleavfassplirqifiygssersyllavivptddalrgrdtatlksala
esigrickdanlqpyeiprdflietepftiangllsqiakllrpnlkerygaqleqmytdlatg
qadellalrrecadlpvletvsraakamlgvasadmrpdohftdlggdsisalsfsnllheifg
vevpvgvvvspanelrdlanyieaernsgakrptftsvhgggseiraadltldkfidartlaaa
dsiphapvpaqtvlltgangylgrflclewlerldktggtlicvvrgsdaaaarkrldsafdsg
dpgllehyqqlaartlevlagdigdpnlglddatwgr laetvdlivhpaalvnhvlpytqlfgp
nvvgtaeivrlaitarrkpvtylstvgvadqvdpaeygedsdvremsavrvvresyangygnsk
wagevllreahdlcglpvavfrsdmilahsryagglnvgdvftrlilslvatgiapysfyrtda
dgnrgrahydglpadftaaaitalgiqategfrtydvinpyddgisldefvdwlvesghpigri
tdysdwfhrfetoiralpekgrqasvlplldayrnpcpavrgailpakefqaavgtakigpeqd
iphlsaplidkyvsdlellgll*

FIG. 12B



U.S. Patent Oct. 27, 2015 Sheet 16 of 24 US 9,169,486 B2

ATGATTGAAACCATTCTGCCTGCAGGCGTTGAAAGCGCAGAACTGCTGGAATATCCGGAAGATC
TGAAAGCACATCCGGCAGAAGAACATCTGATTGCCAAAAGCGTTGAAAAACGTCGTCGTGATTT
TATTGGTGCACGTCATTGTGCACGTCTGGCACTGGCAGAACTGGGTGAACCTCCGGTTGCAATT
GGTAAAGGTGAACGTGGTGCACCGATTTGGCCTCGTGGTGTTGTTGGTAGCCTGACCCATTGTG
ATGGTTATCGTGCAGCAGCAGTTGCACATAAAATGCGCTTTCGCAGCATTGGTATTGATGCAGA
ACCGCATGCAACCCTGCCGGAAGGTGTTCTGGATAGCGTTAGCCTGCCGCCGGAACGTGAATGG
CTGAAAACCACCGATAGCGCACTGCATCTGGATCGTCTGCTGTTTTGTGCAAAAGAAGCCACCT
ATAAAGCCTGGTGGCCGCTGACAGCACGTTGGCTGGGT TTTGAAGAAGCCCATATTACCTTTGA
AATTGAAGATGGTAGCGCAGATAGCGGTAATGGCACCTTTCATAGCGAACTGCTGGTTCCGGGT
CAGACCAATGATGGTGGTACACCGCTGCTGAGCTTTGATGGTCGTTGGCTGATTGCAGATGGTT
TTATTCTGACCGCAATTGCCTATGCCTAA

FIG. 13A

mietilpagvesaelleypedlkahpaeehliaksvekrrrdfigarhcarlalaelgeppvai
gkgergapiwprqvvgslthcdgyraaavahkmrfrsigidaephatlpeqvldsvslpperew
lkttdsalhldrllfcakeatykawwpltarwlgfeeahitfeiedgsadsgngtfhsellvpg
qtndggtpllsfdgrwliadgfiltaiayax

FIG. 13B
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atgaccagegatgttcacgacgecacagacggegtcaceganaccgeactegacgacgageagtcgaccegecgeat
cgccgagetgtacgecaccgateecegagttegecgecgeegeacegttgecegeegtggtegacgeggegeacaaac
cegggetgeggetggcagagatectgeaguceetgttcaccggetacggtgacegeecggegetgggatacegegee
cgtgoactggecaccgacgagggegggegeaccgtgacgegtetgetgecgeggticgacaceeteacctacgecea
ggtgtggtcgegegtgeaageggtegecgeggecctgegecacaacttegegeagecgatetaceceggegacgecy
tcgcgocgateggtttegegagteccgattacctgacgetggatetegtatgegectacetgggectegtgagtgtt
ccgetgeageacaacgeaccggtcageeggetegeccegatectggecgaggtegaacegeggatecteacegtgag
cgccgaatacctegacctegeagtegaateegtgegggacgteaacteggigtegeagetegtggtgticgaccate
accecgaggtcgacgaccaccgegacgeactggeccgegegegtgaacaactegecggeaagggeategeegteace
accctggacgegategecgacgagggegeegggetigeeggecgaaccgatetacacegeegaccatgateagegect
cgcgatgatectgtacacctegggttceaccggegeacccangggtgegatgtacaccgaggegatggtggegegge
tgtggaccatgtegttcateacgggtgaceccacgecggteateaacgteaacttcatgecgetcaaccacctggge
gggcgeatccecatticcacegecgtgeagaacggtggaaccagttacttegtaccggaateegacatgtecacget
gttcgoggatetegegetggtgegecegaccgaacteggectggttcegegegtegecgacatgetetaccageace
acctegecacegtcgaccgectqgteacqeagggegecgacgaactgaccgecgagaageaggecggtgecgaacty
cgtgageaggtgctcggeggacgegtgateaceggattcgteageaccgeaccgetggecgeggagatgagggegtt
cctegacatcaccetgggegeacacategtegacggetacgggeteacegagaceggegeegtgacacgegacggty
tgatcgtgeggecaceggtgategactacaagetgategacgticecgaactecggetactteageaccgacaagece
taccegegtggegaactgetggteaggtegeaaacgetigacteccgggtactacaagegeccegaggteacegegag
cgtcttegacegggacggetactaccacaccggegacgteatggecgagacegeacecgaccacctggtgtacgtyg
accgtcgeaacaacgtcetcanactcgegeagggegagttcegtggeggtegecaacctggaggeggtgtictecgge
geggegetggtgegecagatettegtgtacggeaacagegagegeagtttectictggecgtggtggteccgacgee
ggaggcgetegageagtacgateeggecgegeteaaggeegegetggeegactegetgeagegeaccgeacgegacg
ccgaactgcaatectacgaggtqecggecgattteategtegagacegagecgttcagegecgecaacgggetgety
tcgggtgtegqganaactgetgeggeccaaccicaagacegetacgggeagegectggageagatgtacgecgatot
cgcggecacgeaggecaaccagttgegegaactgeggegegeggecgecacacaaccggtgategacaccetcacce
aggecgetgecacgatecteggeaccgggagegaggtggeatecgacgeccacticaccgacetgggeggggattce
ctgtcggcgetgacacttteqoacctgetgagegatttcticggtitegaagticeeqteggeaccategtgoacee
ggccaccaacctegeccaactcgeccageacategaggegeagegeaccgegggtgacegeaggecgagtttcacca
ccgtgeacggegeggacgecaccgagatecgggegagtgagetgacectggacaagtteategacgecgaaacgete
cgggecgeaccgggtetgeccaaggtcaccaccgagecacggacggtgttgetetcgggegecaacggetggetggg
ccggttectcacgttgeagtggetggaacgectggeacctgteggeggeacceteateacgategtgeggggeegeg
acgacgecgeggecegegeacggetgacccaggectacgacaccgateccgagttgteccgeegettegeegagety
gccgaccgecacctgegggtggtegecggtgacateggegaccecgaatetgggectcacaccegagatetggeaccq
getegeegeegaggtegacetggtggtgeatecggeagegetggtenaccacgtgeteccetaccggeagetgttcg
gecccaacgtegtgggeacggecgaggtgatecangetqgeccteaccgaacggateaagecegteacgtacetgtee
accgtgtcggtggecatggggateccegacttcgagguggacggegacatecggacegtgageccggigegeeeget
cgacggcggatacgccaacggetacggcaacageaagtgggecggegaggtgetgetgegggaggeecacgatetgt
gcgggetgeccgtggegacgtteecgeteggacatgatectggegeatecgegetacegeggtcaggtcaacgtgeca

FIG. 14A
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gacatgticacgegactectgttgagectettgateaccggegtegegecgeggtegtictacateggagacggtga
gcgeecgegggegeactaceccggectgacggtegatttcgtggecgaggeggteacgacgeteggegegeageage
gcgagggatacgtgtcectacgacqtgatgaaccegeacgacgacgggatetcectggatgtgticgtggactggety
atcegggegggecatecgategacegggteqacgactacgacgactgggtgegteggttegagacegegttgacege
gcttcccgagaagegeegegeacagaccgtactgecgetgetgeacgegttcegegeteegeaggeaccgtigegeg
gcgeacccgaacccacggaggtgttccacgecgeggtgegeaccgegaaggtgggeccgggagacatecegeaccte
gacgaggcgetgatcgacaagtacatacgegatetgegtgagttcggtctgatetaa

FIG. 14A Cont.

MTSDVHDATDGVTETALDDEQSTRRIAELYATDPEF AAAAPLPAVVDAAHKPGLRLAE ILQTLFTGYGDRPALGYRA
RELATDEGGRTYTRLLPRFDTLTYAQVWSRVQAVAAALRHNFAQPIYPGDAVATIGFASPDYLTLOLVCAYLGLVSY
PLQHNAPVSRLAPILAEVEPRILTVSAEYLDLAVESVRDVNSVSQLVVFDHHPEVDDHRDALARAREQLAGKGIAVT
TLDATADEGAGLPAEPTYTADHDQRLAMILYTSGSTGAPKGAMY TEAMVARLWTMSF ITGDPTPYINVNFMPLNHLG
GRIPISTAVQNGGTSYFYPESDMSTLFEDLALVRPTELGLVPRVADMLYQHHLATVDRLVTQGADELTAEKQAGAEL
REQVLGGRVITGFVSTAPLAAEMRAFLDITLGAHIVDGYGLTETGAVTRDGVIVRPPVIDYKLIDVPELGYFSTDKP
YPRGELLVRSQTLTPGYYKRPEVTASVFDRDGYYHTGDVMAETAPDHLYYVDRRNNVLKLAQGEF VAVANLEAVFSG
AALVRQIFVYGNSERSFLLAYVVPTPEALEQYDPAALKAALADSLQRTARDAELQSYEVPADF IVETEPF SAANGLL
SGVGKLLRPNLKDRYGQRLEQMYADIAATQANQLRELRRAAATQRYIDTLTQAAATILGTGSEVASDAHF TDLGGDS
LSALTLSNLLSDFFGFEVPYGT IVNPATNLAQLAQHIEAQRTAGDRRPSF TTVHGADATE IRASEL TLDKF IDAETL
RAAPGLPKVTTEPRTVLLSGANGWLGRFLTLQWLERLAPVGGTLITIVRGRDDAAARARLTQAYDTDPELSRRF AEL
ADRHLRVVAGD IGDPNLGL TPE IWHRLAAEVDLVVHPAALVNHVLPYRQLFGPNVVGTAEVIKLALTERIKPVTYLS
TVSVAMGIPDFEEDGDIRTVSPVRPLDGGYANGYGNSKWAGEVLLREAHDLCGLPYATFRSDMILAHPRYRGQVNVP
DMFTRLLLSLLITGVAPRSFYIGDGERPRAHYPGLTVDFVAEAVTTLGAQQREGYVSYDVMNPHDDG I SLDVFVDWL
IRAGHP IDRVDDYDDWVRRFETALTALPEKRRAQTVLPLLHAFRAPQAPLRGAPEPTEVFHAAVRTAKVGPGDIPHL

DEAL IDKY IRDLREFGLI
FIG. 14B
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atgtcgactgccacccatgacgaacgactegacegtegegtecacgaacteategecaccgaccegeaattegeege
cgceccaacccqgacecggegateacegeegecctegaacageccgggetgeggetgecgeagateatecgeaccqtge
tcqacggetacgecgaccggecggegetgggacagegegtggtggagttegtcacggacgecaagaccgggegeacg
tcggegeagetgetececegettegagaccateacgtacagegaagtagegeagegtgtiteggegetgggecgege
cctgtcegacqacgeggtgeacceeggegacegggtgtgegtgetgggettcaacagegtegactacgecaccateg
acatggegetgggegecateggegecgteteggtgecgetgcagaccagegeggeaatcagetegetgeageegate
gtggccgogaccgageccaccetgategegtccagegtgaaccagetgteegacgeggtgeagetgateaccggege
cgageaggegeccacceggetggtggtgticgactaccaccegeaggtegacgaccagegegaggeegtceaggacy
ccgeggegeggetgtecageaceggegtggecgtecagacgetggecgagetgetggagegeggeaaggacetgece
geegtegeggagecegecegecgacgaggactegetggecctgetgatetacaccteegggtccaccggegeceecaa
gggegegatgtacccacagageaacgteggeaagatatggegeeqeggeageaagaactggt teggegagagegeeg
cgtcgatcaccctgoacttcatgeegatgagecacgtgatgggecgaageatectetacggeacgetgggeaacgge
ggcaccgeetacttegeegeccgeageqacctgtecaccetgettgaggacctcgagetggtgeggeccaccgaget
caacttcgteceqeggatctgggagacgetgtacggegaattecagegtcaggtegageggeggetetecgaggecy
gggacgecggeqgaacgtcgegeegtegaggecgaggtgetggecqageagegecagtacetgetgggegggeggttc
accttecgegatgacgggeteggegeccatetegeeggagetgegeanactgggtegagtegetgetcgaaatgeacct
gatggacggetacggetecaccgaggecggaatggqtgtigttegacggggagattcagegeccgecggtgategact
acaagetggtegacgtgeeggacctgggetacttcageaccgaceggecgeateegegeggegagetgetgetgege
accgagaacatgttccegggetactacaagegggecgaaaccaccgegggegtettcgacgaggacggetactaceg
caccggegacgtgttegecgagategecceggaceggetggtctacgtegacegecgeaacaacgtgetcaagetag
cgeagggegaattegteacgetggecangetggaggeggtgticggeaacagecegetgatecgecagatetacgte
tacggcaacagegeccageectacctgetggeggtegtggtgeccaccgaggaggegetggectegggtgaceeega
gacgetcaageccaagategecgactegetgeageaggtegecanggaggecggectgeagtectacgaggtgeege
gegacttcatcategagaccaccecgticagectggaaaacggtetgetgaccgggatecggaagetggegtggecy
aaactgaageageactacgggqaacggetggagecagatgtacgecgacctggecgecggacaggecaacgagetgge
cgagctgegeegeaacggtgeccaggegecggtgtigeagacegtigagecgegeegegggegecatgetgggttcgg
ccgectecgacetgtecccegacgeccact teaccgatetgggeggagactegttgteggegttgacaticggeaac
ctgctgcgegagatettcgacgtecgacgtgecggtaggegtgategteageecggecaacqacctggeggecatege
gagetacatcgaggecgageggeagggeageaagegeccgacgttcgecteggtgeacggecgggacgegaccegtog
tgegegecgecgacctgacgetggacaagttectegacgeegagacgetggecgeegegecgaacctgeccaageeg
gecaccgaggtgegeacegtgetgetgaccggegecaccggettectgggecgetacctggecetggaatggetgga
gcggatggacatggtiggacggeaaggtcategecctggteegggeccegetecgacgaggaggeacgegeceggetyg
acaagaccttcgacageggegqaccegaaactgetegegeactaccageagetggecgeegateacctggaggteate
gecggegacaagggcgaggecaatetgggectgggecaagacgtttggeaacgactggecgacacggtegacgtqat
cgtcgacceegeegegetggtcaaccacgtgtigeegtacagegagetgticgggeccaacgecetgggeaccgegg
agctgatceggetggegetgacgtecangeagaageegtacacctacgtgtecaccateggegtgggegaccagate
gageegggeaagttegtegagaacgecgacatecggeagatgagegecacecgggegatecaacgacagetacgecaa
cqggctatggcaacagecoagtgggecggeqgaggtigetgetgegegaggegeacgacctgtgegggetgeccgtegeqgg
tgttecgetgegacatgatectggecgacaccacgtatgecgggeagetcaacctgecggacatgticaceeggety

FIG. 15A
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atgctgagectggtggecaccgggategegeceggetegtictacgagetegacgecgacggeaaccggeageggge
gcactacgacggectgeeggtegagttcategecgeggegatetegacgetgggttegeagateacegacagegaca
ccggcttccagacctaccacgtgatgaaccectacgatgacggegteggtetggacgagtacgtegatiggetggty
gacgeeggetattcgategageggategecgactactecqoatggetgeggeggttegagacetegetgegggeect
gccggaccggeagegecagtactegetgetgecgetgetgeacaactaccgeacgecggagaagecgateaacgggt
cgatageteccaccgacgtgttcegggcageqgtgeaggaggegaaaateggeccecgacanagacatteegeacgty
tegeegeeggteategtcaagtacateaceqacetgeagetgetegggetgetetaa

FIG. 15A Cont.

MSTATHDERLDRRVHEL TATDPQF AAAQPDPAT TAALEQPGLRLPQIIRTVLDGYADRPALGQRVVEFVTDAKTGRT
SAQLLPRFETITYSEVAQRVSALGRALSDDAVHPGDRVCVLGFNSVDYATIDMALGAIGAVSVPLQTSAAISSLQPI
VAETEPTLIASSYNQLSDAVQLITGAEQAPTRLVVFDYHPQVDDQREAVQDAAARLSSTGYAVQTLAELLERGKDLP
AVAEPPADEDSLALLIYTSGSTGAPKGAMYPQSNVGKMWRRGSKNWF GESAAST TLNFMPMSHVMGRSILYGTLGNG
GTAYFAARSDLSTLLEDLELVRPTELNFVPRIWETLYGEF QRQVERRLSEAGDAGERRAVEAEVLAEQRQYLLGGRF
TFAMTGSAPISPELRNWVESLLEMHLMDGYGSTEAGMVLFDGEIQRPPYIDYKLVDVPDLGYFSTDRPHPRGELLLR
TENMFPGYYKRAETTAGVFDEDGYYRTGDVFAETAPDRLVYVDRRNNVLKLAQGEFVTLAKLEAVFGNSPLIRQIYV
YGNSAQPYLLAVVVPTEEALASGDPETLKPKTADSLQQVAKEAGLQSYEVPRDF I TETTPFSLENGLLTGIRKLAWP
KLKQHYGERLEQMYADLAAGQANELAELRRNGAQAPYLQTVSRAAGAMLGSAASDLSPDAHF TDLGGDSLSALTFGN
LLRETFDVDVPYGYIVSPANDLAATASY IEAERQGSKRPTFASYHGRDATVVRAADL TLDKFLDAETLAAAPNLPKP
ATEVRTVLLTGATGFLGRYLALEWLERMDMYDGKVIALVRARSDEEARARLDKTFDSGDPKLLAHYQQLAADHLEVI
AGDKGEANLGLGQDVWQRLADTVDVIVDPAALYNHVLPYSELF GPNALGTAEL IRLALTSKQKPYTYVSTIGVGDQI
EPGKFVENADIRQMSATRAINDSYANGYGNSKWAGEVLLREAHDLCGLPVAVFRCOMILADTTYAGQLNLPDMFTRL
MLSLVATGIAPGSFYELDADGNRQRAHYDGLPVEF IAAATSTLGSQITDSDTGFQTYHVMNPYDDGYGLDEYVDWLYV
DAGYSIERIADYSEWLRRFETSLRALPDRQRQYSLLPLLHNYRTPEKPINGSIAPTDVFRAAVQEAKIGPDKDIPHV
SPPVIVKYITDLQLLGLL

FIG. 15B
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atgtegecaatcacgeqtgoagageggetegagegecgeatecaggacetetacgecaacgaceegeagttegeeqge
cgccaaaccegecacggegatcaccgeageaatcgageggecgggtetacegetaccecagatcategagacegtea
tgaccggatacgecgateggecggetetegetcagegeteggtegaattcgtgoccgacgecggeaceggecacace
acgctgegactgeteccccacttcgaaaccatcagetacggegagetttgggacegeateagegeactggecgacgt
gctcageaccgaacagacggtgaaaccgggegacegggtetgettgttoggettcaacagegtegactacgecacga
tcgacatgactttggegeggetgggegeggtggecgtaccactgecagaccagegeggegataacccagetgeageceg
atcgtegecgagacccageccaccatgategeggecagegtegacgeactegetgacgecaccgaattggetetgte
cggtcagaccgctacccgagtectggtgttegaccaccaccggeaggttgacgeacaccgegeageggtcgaatecg
ccecgggagegeetggecggeteggeggtegtegaanccetggecgaggecatcgegegeggegacgtgeccegeggt
gcgtecgeeggeteggegeecggeaccgatgtgtecgacgactegetegegetactgatetacacctegggeageac
gggtgcgeccaagggegegatgtacccecgacgeaacgttgegaccttetggegeaagegeacctggttegaaggeq
gctacgagecgtegatcacgetgaacttcatgecaatgagecacgtcatgggecgecanatectgtacggeacgety
tgcaatggeggeacceqectacttcqtggegaaaageqatetetecacctigttegaagacctggegetogtaeggee
caccgagetgaccttcgtgecgegegtgtgggacatggtgttcgacgagtttcagagtgaggtegacegeegectqg
tcgacggegeegaccegggtegegetegaageccaggtcaaggecgagatacgeoacgacgtgeteggtggacggtat
accagegeactgaccggetecgeccctatetecgacgagatgaaggeqtggqtegaggagetgetegacatgeatet
ggtcgagggetacggetccaccqaggecgggatgatectgategacggagecatteggegeecggeggtactegact
acaagetggtegatgtteccgacetgggttacttectgaccgaccggecacateegeggggegagttgetggteaag
accqatagtttgtteceqggetactaccagegagecgaagtcacegecqacqtgttcgatgetgacggettetaccy
gaccggegacatcatggeeqaggteggeccegaacagttegtgtacctegacegeegeaacaacgtgttgaagetgt
cgcagggegagttcgteaccgtetecaaactcgaageggtgtttggegacageccactggtacggeagatetacate
tacggcaacagegecegtgectacctgttggegqtgategtececaccecaggaggegetqgacgecqgtgectgtega
ggagctcaaggegeggetgggegactegetgcaagaggtegeaaaggeegecggectgeagtectacgagatecege
gegacttcatcategaaacaacaccatggacgetggagaacggectgeteaccggeateegeangttggecaggeeg
cagctgaaacageattacggegagettetegageagatetacacggacctggeacacggecaggecgacgaactgeg
ctegetgegecoaageqgtgccgatgegecqgtgetggtgacggtgtgeegtgeggeggecgegetgtigggeggea
gcgectctgacgtecageecgatgegeacttcacegatttgggeggegactegetgteggegetgtegttcaccaac
ctgetgeacqagatcttcgacateqaagtgecggtoggegteateqteageecegecaacqacttgeaggecetgge
cgactacqtcgaggeggetegeaaacceggetegteacggecgaccttegeecteggtecacggegectegaatggge
aggtcaccgaggtgeatgecggtqacctgtecctggacaaattcategatgecgeaaccetggecgoageteeceqg
ctgecegeegecanacacccaagtgegeaccgtgetgetgaccggegecaccggetteetegggegetacetggeect
ggaatggetqggageggatggacctggtegacggeaaactgatetgectggtecgggecaagtecgacaccgaageac
gggcgcggctggacaagacgttcgacageggegaccecgaactgetggeccactaccgegeactggecggegaccac
ctegaggtgetegecggtgacaagqgegaagecgaceteggactqgaceggeagacectggeaacgectggecqacac
ggtcgacctgategtegaccecgeggecctggteaaccacgtactgecatacagecagetgttegggeccaacgege
tgggeaccgecgagetgetgeggetggegetcacctecaangateaagecctocogetacacctegacaateggtgtc
gecgaccagatecegecgteggegttcaccgaggacgeegacatecgggteateagegecaccegegeggtegacga
cagctacgecaatggetactegaacageaagtgggeeggegaggtgctgttgegegaggegeatgacetgtgtggee
tgccggttgeggtgttcegetgegacatgatectggecgacaccacatgggegggacagetcaatgtgecggacaty
ttcacceggatgatcctgagectggeggecaccggtategegeegggttcgttetatgaget tgeggeegacggege

FIG. 16A
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ccggeaacgegeccactatgacggtetgeccgticgagticategecgaggegatttegactttgggtgegeagagee
aggatggtttccacacqtatcacqtgatgaacccctacgacgacggeateggactegacgagticgtegactggete
gacgagteeggttgecccatecagegeategetgactatggegactggetgeagegettegaaacegeactgegege
actgcccgateggeageggeacageteactgetgecgetgttgcacaactateggeagecggageggeccgteegeg
ggtcgatcgeccctaccgategettcegggeageggtgcaagaggecaagateggeccegacaaagacattcegeac
gtcggegegecqateategtgaagtacgteagegacetgegectacteggectgetctaa

FIG. 16A cont.

MSPITREERLERRIQDLYANDPQFAAAKPATAITAATERPGLPLPQITETVMTGYADRPALAQRSVEFVTDAGTGHT
TLRLLPHFETISYGELWDRISALADVLSTEQTVKPGDRVCLLGFNSVDYATIDMTLARLGAVAVPLQTSAATTQLQP
IVAETQPTMIAASVDALADATELALSGQTATRVLVFDHHRQVDAHRAAVESARERLAGSAVVETLAEATARGDVPRG
ASAGSAPGTDVSDDSLALLIYTSGSTGAPKGAMYPRRNVATF WRKRTHFEGGYEPSITLNFMPMSHVMGRQILYGTL
CNGGTAYFVAKSDLSTLFEDLALVRPTELTFVPRVWDMVFDEFQSEVDRRLVDGADRVALEAQVKAE IRNDVLGGRY
TSALTGSAPTSDEMKAWVEELLDMHLVEGYGSTEAGMILIDGAIRRPAVLDYKLVDVPDLGYFLTDRPHPRGELLVK
TDSLFPGYYQRAEVTADYFDADGF YRTGD IMAEVGPEQF VYLDRRNNYLKLSQGEF VTVSKLEAVFGDSPLVRQIYI
YGNSARAYLLAVIVPTQEALDAVPVEELKARLGDSLQEVAKAAGLQSYEIPRDF IIETTPWTLENGLLTGIRKLARP
QLKKHYGELLEQIYTDLAHGQADELRSLRQSGADAPVLVTVCRAAAALLGGSASDVQPDAHF TDLGGDSLSALSFTN
LLHEIFDIEVPVGYIVSPANDLQALADYVEAARKPGSSRPTFASVHGASNGQVTEVHAGDLSLDKF IDAATLAEAPR
LPAANTQVRTVLLTGATGFLGRYLALEWLERMDLVDGKL [CLVRAKSDTEARARLDKTFDSGDPELLAHYRALAGDH
LEVLAGDKGEADLGLDRQTWQRLADTVDL IVDPAALVNHVLPYSQLFGPNALGTAELLRLALTSKIKPYSYTSTIGV
ADQIPPSAFTEDADIRVISATRAVDDSYANGYSNSKWAGEVLLREAHDLCGLPYAVFRCDMILADT TWAGQLNVPDM
FTRMILSLAATGIAPGSF YELAADGARQRAHYDGLPVEF TAEAISTLGAQSQDGFHTYHVMNPYDDGIGLDEF VDWL
NESGCPIQRIADYGDWLQRFETALRALPDRQRHSSLLPLLHNYRQPERPVRGS [ APTDRFRAAVQEAKIGPDKDIPH

VGAPIIVKYVSDLRLLGLL

FIG. 16B
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atgagcaccgeaacccatgatgaacgtctggategtegtgttcatgaactgattgeaaccgate
cgcagtttgcageageacagecggatectgeaattaccgeageactggaacagectggtetgeg
tctgccgeagattattcgtaccgttctggatggttatgeagategtceggeactgggteagegt
gttgttgaatttgttaccgatgcaanaaccggtcgtaccagegeacagetgetgectegtttty
aaaccattacctatagegaagttgeacagegtgttagegeactgggtegtgcactgagtgatga
tgcagttcatecgggtgateqtgtttgtgttctgggttittaatageqttgattatgecaccatt
gatatggcactgggtgcaattggtgeagttagegtticegetgeagaccagegeageaattagea
gcctgeageegattgttgcagaaaccgaaccgaccetgattgeaageagegttaateagetgte
agatqcagttcagetgattaccggtgcagaacaggeaccgaccegtctggttgtttitgattat
catccgeaggttqatgatcagegtgaageagttcaggatgcageageacgtetgageageaceq
gtgttgcagttcagaccctggeagaactgetggaacgtggtanagatetgectgeagttgeaga
accgcctgeagatgaagatagectggeactgetgatttataccageggtageacaggtgeaccy
aaaggtgcaatgtatecgcagageaatgttggtaaaatgtogegtegtogtageanaaattggt
ttggtgaacagegeageaageattaccctgaattteatgecgatgagecatgttatgggtegtag
cattctqtatggecaccctqggtaatggtggeaccgeatattttgeageacgtagegatetgage
accctgetggaagatetggaactggttcgtecgaccgaactgaattitigttcegegtatttggg
agaccctgtatggtgaatttcagegtcoggttgaacgtcgtctgagegoagetggegatgecyg
tgaacgtegtgcagttgaogcagaagttctggeagaacagegtcagtatetgetgggtggtegt
tttacctttgcaatgaccggtogegeaccgattagteeggaactgeqtaattgggttgaaagee
tgctggacatgcatctgatggotggetatggtageaccgangeaggtatggttctgttigatgg
cgaaattcagegtcegectgtgattgattatanactggttgatgtticeggatetgggttatttt
agcaccgategteegeateegegtggtgaactgetgetgegtaccgaaaatatgtttecgggtt
attataaacqgtgcagaaaccaccgeaggegtttttgatgaagatggttattategtaccggtga
tqtgtttgcogaaattgcaccggategtetggtittatgtigategtegtaatoatgttctgaaa
ctggcacagggtgaatttgtgaccctggecanactggaageagttttiggtaatagtecgetga
ttcqtcagatttatgtgtatggtaatagegecacageegtatetgetggeagttgtigticegac
cgaagaggcactqgeaageggtgatecggaaaccetqoaaccgaaaattgeagatagectgeag
caggttgcaacagaageaggtctgecagagetatgaagttcecgegtgattttattattgaaacca
cccegtttogectggoaaatggtetgetgaccggtattcgtanactggeatggecgaaactgaa
acagcattatggtgaacgcctggaacacatgtatgeagatctggeageaggtcaggeanatgaa
ctggccgaactgegtegtaatggtgeacaggeaccggttctgcagacegttagecgtgeageeg
gtgcaatgctggqtagecgecagecagegatetgagteeggatgeacattttacegatetgggtog
tgatagcctgagegeactgacctttggtaatctgetgegtgaoatittigatgtigatgtgeeg
gttggtgttattgttagtccggctaatgatetggeagecattgeoagetatattgaageagaac
gtcagggtagcaaacgtcegacetttgeaagegttcatggtegtgatgecaaccgttgttcgtge
agcagatctgaccctggataaatttctggatgcagaaaccectggeageageaccgaatetgeeg
aaaccggcaaccgaagttcgtaccgtgetgetgacaggtgecaaccggtittctgggtegttate
tggcactggaatggctggoacgtatggatatggttgatggtacagttattgeactggticgtge
ccqtagtgatgaagaagcacgegeacgtetggataaaacctttgatagtggtgatecgaaacty
ctggcacattatcageagetggetgeagateatetggoagttattgecggtgataaaggtgaag
caaatctgggtctgggtcaggatgtttggeagegtetggeagatacegttgatgttattgtgga

FIG. 17A
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tceggeageactggttoatcatgttctgecgtatagegaoctgtttggtecgaatgeactggge
accgcagaactgattcgtctggeactgaccageanacagaaaccgtatacctatgttageacca
ttggtqttggcgatcagattgaaccqggtacatttgttqaaaatgeeqgatattcgtcagatgag
cgcaaccegtgcaattoatgatagetotgcaaatggetacggeaatageaaatgggcaggegaa
gttctgctgegeqaageacatgatctgtgtggtctgecggttgeagtttttcgtigtqatatga
ttctggecgataccacctatgecaggtcagetgaatetgecggatatgtttaceegtetgatget
gagcctggttgcaaccqgtattgeaccgggtagettttatgaactggatgeagatggtaategt
cogegtgeacattatgatggectgecggttgaatttattgcageagecattageaccctgogtt
cacagattaccgatagegataccggtttteagacctateatgttatgaaccegtatgatgatgg
tgttggtctggatgaatatgttgattggctggttgatgecggttiatageattigaacgtatigea
gattatagcgaatggetgegtegetttgaaaccteactgegtgeactgecggategteagegee
agtatagectgetgeegetgetgeacaattategtacaceggaaaaaccgattaatggtageat
tgcaccgaccgatgtttttegtgeagecgttcaagaagecaaaat tggtecggataaagatatt
ccgeatgttagecctecggtgattgttaaatatattaccgatetgeagetgetgggtetgetgt

aa

FIG 17A cont.

MSTATHDERLDRRVHELIATDPQF AAAQPDPAITAALEQPGLRLPQIIRTVLDGYADRPALGQR
VVEFVTDAKTGRTSAQLLPRFETITYSEVAQRVSALGRALSDDAVHPGDRVCVLGFNSVDYATI
DMALGAIGAVSYPLQTSAAISSLQPIVAETEPTLIASSYNQLSDAVQLITGAEQAPTRLVVFDY
HPQVDDQREAVQDAAARLSSTGVAVQTLAELLERGKDLPAVAEPPADEDSLALLIYTSGSTGAP
KGAMYPQSNVGKMWRRGSKNWF GESAAS ITLNFMPMSHVMGRSILYGTLGNGGTAYFAARSDLS
TLLEDLELVRPTELNFVPRIWETLYGEFQRQVERRLSEAGDAGERRAVEAEVLAEQRQYLLGGR
FTFAMTGSAPTSPELRNWVESLLEMHLMDGYGSTEAGMVLFDGEIQRPPVIDYKLVDVPDLGYF
STDRPHPRGELLLRTENMFPGYYKRAETTAGVFDEDGYYRTGDVF AETAPDRLVYVDRRNNVLK
LAQGEFVTLAKLEAVFGNSPLIRQIYVYGNSAQPYLLAVVYPTEEALASGDPETLKPKIADSLQ
QVAKEAGLQSYEVPRDF I TETTPFSLENGLLTGIRKLAWPKLKQHYGERLEQMYADLAAGQANE
LAELRRNGAQAPVLQTVSRAAGAMLGSAASDLSPDAHF TDLGGDSLSALTFGNLLREIFDVDYP
VGVIVSPANDLAATASYIEAERQGSKRPTFASVHGRDATVVRAADLTLDKFLDAETLAAAPNLP
KPATEVRTVLLTGATGFLGRYLALEWLERMDMVDGKVIALVRARSDEEARARLDKTFDSGDPKL
LAHYQQLAADHLEV IAGDKGEANLGLGQDVWQRLADTVDVIVDPAALVNHVLPYSELF GPNALG
TAEL IRLALTSKQKPYTYVSTIGVGDQIEPGKFVENADIRQMSATRAINDSYANGYGNSKWAGE
VLLREAHDLCGLPYAVFRCDMILADTTYAGQLNLPDMF TRLMLSLVATGIAPGSFYELDADGNR
QRAHYDGLPVEF TAAAISTLGSQITDSDTGFQTYHVMNPYDDGVGLDE YVDWLVDAGYSIERIA
DYSEWLRRFETSLRALPDRQRQYSLLPLLHNYRTPEKPINGSIAPTDVFRAAVQEAKIGPDKDI
PHVSPPVIVKYITDLQLLGLL

FIG. 17B
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MICROORGANISMS FOR PRODUCING
BUTADIENE AND METHODS RELATED
THERETO

This application claims the benefit of priority of U.S. Pro-
visional application Ser. No. 61/500,130, filed Jun. 22, 2011,
U.S. Provisional application Ser. No. 61/502,264, filed Jun.
28,2011, the entire contents of which are incorporated herein
by reference.

The instant application contains a Sequence Listing which
has been submitted via EFS-Web and is hereby incorporated
by reference in its entirety. Said ASCII copy, created on Jun.
17, 2012, is named 871943-999148_US_Sequence_Lis-
ting.txt and is 77,797 bytes in size.

BACKGROUND OF THE INVENTION

The present invention relates generally to biosynthetic pro-
cesses, and more specifically to organisms having butadiene
or crotyl alcohol biosynthetic capability.

Over 25 billion pounds of butadiene (1,3-butadiene, BD)
are produced annually and is applied in the manufacture of
polymers such as synthetic rubbers and ABS resins, and
chemicals such as hexamethylenediamine and 1,4-butane-
diol. Butadiene is typically produced as a by-product of the
steam cracking process for conversion of petroleum feed-
stocks such as naphtha, liquefied petroleum gas, ethane or
natural gas to ethylene and other olefins. The ability to manu-
facture butadiene from alternative and/or renewable feed-
stocks would represent a major advance in the quest for more
sustainable chemical production processes

One possible way to produce butadiene renewably involves
fermentation of sugars or other feedstocks to produce diols,
such as 1,4-butanediol or 1,3-butanediol, which are sepa-
rated, purified, and then dehydrated to butadiene in a second
step involving metal-based catalysis. Direct fermentative pro-
duction of butadiene from renewable feedstocks would obvi-
ate the need for dehydration steps and butadiene gas (bp —4.4°
C.) would be continuously emitted from the fermenter and
readily condensed and collected. Developing a fermentative
production process would eliminate the need for fossil-based
butadiene and would allow substantial savings in cost, energy,
and harmful waste and emissions relative to petrochemically-
derived butadiene.

Microbial organisms and methods for effectively produc-
ing butadiene or crotyl alcohol from cheap renewable feed-
stocks such as molasses, sugar cane juice, and sugars derived
from biomass sources, including agricultural and wood
waste, as well as C1 feedstocks such as syngas and carbon
dioxide, are described herein and include related advantages.

SUMMARY OF THE INVENTION

The invention provides non-naturally occurring microbial
organisms containing butadiene or crotyl alcohol pathways
comprising at least one exogenous nucleic acid encoding a
butadiene or crotyl alcohol pathway enzyme expressed in a
sufficient amount to produce butadiene or crotyl alcohol. The
invention additionally provides methods of using such micro-
bial organisms to produce butadiene or crotyl alcohol, by
culturing a non-naturally occurring microbial organism con-
taining butadiene or crotyl alcohol pathways as described
herein under conditions and for a sufficient period of time to
produce butadiene or crotyl alcohol.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a natural pathway to isoprenoids and terpe-
nes. Enzymes for transformation of the identified substrates
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2

to products include: A. acetyl-CoA:acetyl-CoA acyltrans-
ferase, B. hydroxymethylglutaryl-CoA synthase, C. 3-hy-
droxy-3-methylglutaryl-CoA reductase (alcohol forming),
D. mevalonate kinase, E. phosphomevalonate kinase, F.
diphosphomevalonate decarboxylase, G. isopentenyl-
diphosphate isomerase, H. isoprene synthase.

FIG. 2 shows exemplary pathways for production of buta-
diene from acetyl-CoA, glutaconyl-CoA, glutaryl-CoA,
3-aminobutyryl-CoA or 4-hydroxybutyryl-CoA via crotyl
alcohol. Enzymes for transformation of the identified sub-
strates to products include: A. acetyl-CoA:acetyl-CoA acyl-
transferase, B. acetoacetyl-CoA reductase, C. 3-hydroxybu-
tyryl-CoA  dehydratase, D. crotonyl-CoA reductase
(aldehyde forming), E. crotonaldehyde reductase (alcohol
forming), F. crotyl alcohol kinase, G. 2-butenyl-4-phosphate
kinase, H. butadiene synthase, I. crotonyl-CoA hydrolase,
synthetase, transferase, J. crotonate reductase, K. crotonyl-
CoA reductase (alcohol forming), L. glutaconyl-CoA decar-
boxylase, M., glutaryl-CoA dehydrogenase, N. 3-aminobu-
tyryl-CoA  deaminase, O.  4-hydroxybutyryl-CoA
dehydratase, P. crotyl alcohol diphosphokinase.

FIG. 3 shows exemplary pathways for production of buta-
diene from erythrose-4-phosphate. Enzymes for transforma-
tion of the identified substrates to products include: A. Eryth-
rose-4-phosphate  reductase, B. Erythritol-4-phospate
cytidylyltransferase, C. 4-(cytidine 5'-diphospho)-erythritol
kinase, D. Erythritol 2.4-cyclodiphosphate synthase, E.
1-Hydroxy-2-butenyl 4-diphosphate synthase, F. 1-Hydroxy-
2-butenyl 4-diphosphate reductase, G. Butenyl 4-diphos-
phate isomerase, H. Butadiene synthase 1. Erythrose-4-phos-
phate kinase, J. Erythrose reductase, K. Erythritol kinase.

FIG. 4 shows an exemplary pathway for production of
butadiene from malonyl-CoA plus acetyl-CoA. Enzymes for
transformation of the identified substrates to products
include: A. malonyl-CoA:acetyl-CoA acyltransferase, B.
3-oxoglutaryl-CoA reductase (ketone-reducing), C. 3-hy-
droxyglutaryl-CoA reductase (aldehyde forming), D. 3-hy-
droxy-5-oxopentanoate reductase, E. 3,5-dihydroxypen-
tanoate kinase, F. 3H5PP kinase, G. 3H5PDP decarboxylase,
H. butenyl 4-diphosphate isomerase, 1. butadiene synthase, J.
3-hydroxyglutaryl-CoA reductase (alcohol forming), K.
3-oxoglutaryl-CoA reductase (aldehyde forming), L. 3,5-di-
oxopentanoate reductase (ketone reducing), M. 3,5-dioxo-
pentanoate reductase (aldehyde reducing), N. 5-hydroxy-3-
oxopentanoate reductase, O. 3-oxo-glutaryl-CoA reductase
(CoA reducing and alcohol forming). Compound abbrevia-
tions include: 3HSPP=3-Hydroxy-5-phosphonatooxypen-
tanoate and 3HSPDP=3-Hydroxy-5-[hydroxy(phospho-
nooxy)phosphoryl]oxy pentanoate.

FIG. 5 shows an exemplary pathway for production of
crotyl alcohol from acetyl-CoA. Enzymes for transformation
of the identified substrates to products include: A. acetyl-
CoA:acetyl-CoA acyltransferase, B. acetoacetyl-CoA reduc-
tase, C. 3-hydroxybutyryl-CoA dehydratase, D. crotonyl-
CoA reductase (aldehyde forming), E. crotonaldehyde
reductase (alcohol forming), F. crotonyl-CoA reductase (al-
cohol forming), G. crotonyl-CoA hydrolase, synthetase,
transferase, and H. crotonate reductase.

FIG. 6 shows the reverse TCA cycle for fixation of CO, on
carbohydrates as substrates. The enzymatic transformations
are carried out by the enzymes as shown.

FIG. 7 shows the pathway for the reverse TCA cycle
coupled with carbon monoxide dehydrogenase and hydroge-
nase for the conversion of syngas to acetyl-CoA.

FIG. 8 shows Western blots of 10 micrograms ACS90 (lane
1), ACS91 (lane 2), Mta98/99 (lanes 3 and 4) cell extracts
with size standards (lane 5) and controls of M. thermoacetica
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CODH (Moth__1202/1203) or Mtr (Moth__1197) proteins
(50, 150, 250, 350, 450, 500, 750, 900, and 1000 ng).

FIG. 9 shows CO oxidation assay results. Cells (M. ther-
moacetica or E. coli with the CODH/ACS operon; ACS90 or
ACS91 or empty vector: pZA33S) were grown and extracts
prepared. Assays were performed at 55° C. at various times on
the day the extracts were prepared. Reduction of methylvi-
ologen was followed at 578 nm over a 120 sec time course.

FIGS. 10A and B show exemplary pathways to crotyl alco-
hol. FIG. 10A shows the pathways for fixation of CO, to
acetyl-CoA using the reductive TCA cycle. FIG. 10B shows
exemplary pathways for the biosynthesis of crotyl alcohol
from acetyl-CoA; the enzymatic transformations shown are
carried out by the following enzymes: A. acetyl-CoA:acetyl-
CoA acyltransferase, B. acetoacetyl-CoA reductase, C. 3-hy-
droxybutyryl-CoA dehydratase, D. crotonyl-CoA reductase
(aldehyde forming), E. crotonaldehyde reductase (alcohol
forming), F. crotonyl-CoA reductase (alcohol forming), G.
crotonyl-CoA hydrolase, synthetase, transferase, and H. cro-
tonate reductase.

FIGS. 11A and 11B show exemplary pathways to butadi-
ene. FIG. 11A shows the pathways for fixation of CO, to
acetyl-CoA using the reductive TCA cycle. FIG. 11B shows
exemplary pathways for the biosynthesis of butadiene from
acetyl-CoA; the enzymatic transformations shown are carried
out by the following enzymes: A. acetyl-CoA:acetyl-CoA
acyltransferase, B. acetoacetyl-CoA reductase, C. 3-hy-
droxybutyryl-CoA dehydratase, D. crotonyl-CoA reductase
(aldehyde forming), E. crotonaldehyde reductase (alcohol
forming), F. crotonyl-CoA reductase (alcohol forming), G.
crotonyl-CoA hydrolase, synthetase, transferase, H. croto-
nate reductase, 1. crotyl alcohol kinase, J. 2-butenyl-4-phos-
phate kinase, K. butadiene synthase, L. crotyl alcohol diphos-
phokinase.

FIG. 12 A shows the nucleotide sequence (SEQ ID NO: 1)
of carboxylic acid reductase from Nocardia iowensis
(GNM__720), and FIG. 12B shows the encoded amino acid
sequence (SEQ ID NO: 2).

FIG. 13 A shows the nucleotide sequence (SEQ ID NO: 3)
of phosphpantetheine transferase, which was codon opti-
mized, and FIG. 13B shows the encoded amino acid sequence
(SEQ ID NO: 4).

FIG. 14 A shows the nucleotide sequence (SEQ ID NO: 5)
of carboxylic acid reductase from Mycobacterium smegmatis
mc(2)155 (designated 890), and FIG. 14B shows the encoded
amino acid sequence (SEQ ID NO: 6).

FIG. 15A shows the nucleotide sequence (SEQ ID NO: 7)
of'carboxylic acid reductase from Mycobacterium avium sub-
species paratuberculosis K-10 (designated 891), and FIG.
15B shows the encoded amino acid sequence (SEQ ID NO:
8).

FIG. 16 A shows the nucleotide sequence (SEQ ID NO: 9)
of carboxylic acid reductase from Mycobacterium marinum
M (designated 892), and FIG. 16B shows the encoded amino
acid sequence (SEQ ID NO: 10).

FIG. 17 A shows the nucleotide sequence (SEQ IDNO: 11)
of carboxylic acid reductase designated 891GA, and FIG.
17B shows the encoded amino acid sequence (SEQ ID NO:
12).

DETAILED DESCRIPTION OF THE INVENTION

The present invention is directed to the design and produc-
tion of cells and organisms having biosynthetic production
capabilities for butadiene or crotyl alcohol. The invention, in
particular, relates to the design of microbial organism capable
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4

of producing butadiene or crotyl alcohol by introducing one
ormore nucleic acids encoding a butadiene or a crotyl alcohol
pathway enzyme.

In one embodiment, the invention utilizes in silico stoichio-
metric models of Escherichia coli metabolism that identify
metabolic designs for biosynthetic production of butadiene or
crotyl alcohol. The results described herein indicate that
metabolic pathways can be designed and recombinantly engi-
neered to achieve the biosynthesis of butadiene or crotyl
alcohol in FEscherichia coli and other cells or organisms.
Biosynthetic production of butadiene or crotyl alcohol, for
example, for the in silico designs can be confirmed by con-
struction of strains having the designed metabolic genotype.
These metabolically engineered cells or organisms also can
be subjected to adaptive evolution to further augment butadi-
ene or crotyl alcohol biosynthesis, including under conditions
approaching theoretical maximum growth.

In certain embodiments, the butadiene biosynthesis char-
acteristics of the designed strains make them genetically
stable and particularly useful in continuous bioprocesses.
Separate strain design strategies were identified with incor-
poration of different non-native or heterologous reaction
capabilities into E. coli or other host organisms leading to
butadiene producing metabolic pathways from acetyl-CoA,
glutaconyl-CoA, glutaryl-CoA, 3-aminobutyryl-CoA, 4-hy-
droxybutyryl-CoA, erythrose-4-phosphate or malonyl-CoA
plus acetyl-CoA. In silico metabolic designs were identified
that resulted in the biosynthesis of butadiene in microorgan-
isms from each of these substrates or metabolic intermedi-
ates.

Strains identified via the computational component of the
platform can be put into actual production by genetically
engineering any of the predicted metabolic alterations, which
lead to the biosynthetic production of butadiene or other
intermediate and/or downstream products. In yet a further
embodiment, strains exhibiting biosynthetic production of
these compounds can be further subjected to adaptive evolu-
tion to further augment product biosynthesis. The levels of
product biosynthesis yield following adaptive evolution also
can be predicted by the computational component of the
system.

The maximum theoretical butadiene yield from glucose is
1.09 mol/mol (0.33 g/g).

11C4H,,06=12C,Hg+18CO,+30H,0

The pathways presented in FIGS. 2 and 4 achieve a yield of
1.0 moles butadiene per mole of glucose utilized. Increasing
product yields to theoretical maximum value is possible if
cells are capable of fixing CO, through pathways such as the
reductive (or reverse) TCA cycle or the Wood-Ljungdahl
pathway. Organisms engineered to possess the pathway
depicted in FIG. 3 are also capable of reaching near theoreti-
cal maximum yields of butadiene.

As used herein, the term “non-naturally occurring” when
used in reference to a microbial organism or microorganism
of'the invention is intended to mean that the microbial organ-
ism has at least one genetic alteration not normally found ina
naturally occurring strain of the referenced species, including
wild-type strains of the referenced species. Genetic alter-
ations include, for example, modifications introducing
expressible nucleic acids encoding metabolic polypeptides,
other nucleic acid additions, nucleic acid deletions and/or
other functional disruption of the microbial organism’s
genetic material. Such modifications include, for example,
coding regions and functional fragments thereof, for heter-
ologous, homologous or both heterologous and homologous
polypeptides for the referenced species. Additional modifica-
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tions include, for example, non-coding regulatory regions in
which the modifications alter expression of a gene or operon.
Exemplary metabolic polypeptides include enzymes or pro-
teins within a butadiene or crotyl alcohol biosynthetic path-
way.

A metabolic modification refers to a biochemical reaction
that is altered from its naturally occurring state. Therefore,
non-naturally occurring microorganisms can have genetic
modifications to nucleic acids encoding metabolic polypep-
tides, or functional fragments thereof. Exemplary metabolic
modifications are disclosed herein.

Asused herein, the term “butadiene,” having the molecular
formula C,H, and a molecular mass of 54.09 g/mol (see
FIGS. 2-4) (IUPAC name Buta-1,3-diene) is used inter-
changeably throughout with 1,3-butadiene, biethylene, eryth-
rene, divinyl, vinylethylene. Butadiene is a colorless, non
corrosive liquefied gas with a mild aromatic or gasoline-like
odor. Butadiene is both explosive and flammable because of
its low flash point.

Asused herein, the term “isolated” when used in reference
to a microbial organism is intended to mean an organism that
is substantially free of at least one component as the refer-
enced microbial organism is found in nature. The term
includes a microbial organism that is removed from some or
all components as it is found in its natural environment. The
term also includes a microbial organism that is removed from
some or all components as the microbial organism is found in
non-naturally occurring environments. Therefore, an isolated
microbial organism is partly or completely separated from
other substances as it is found in nature or as it is grown,
stored or subsisted in non-naturally occurring environments.
Specific examples of isolated microbial organisms include
partially pure microbes, substantially pure microbes and
microbes cultured in a medium that is non-naturally occur-
ring.

As used herein, the terms “microbial,” “microbial organ-
ism” or “microorganism” are intended to mean any organism
that exists as a microscopic cell that is included within the
domains of archaea, bacteria or eukarya. Therefore, the term
is intended to encompass prokaryotic or eukaryotic cells or
organisms having a microscopic size and includes bacteria,
archaea and eubacteria of all species as well as eukaryotic
microorganisms such as yeast and fungi. The term also
includes cell cultures of any species that can be cultured for
the production of a biochemical.

As used herein, the term “CoA” or “coenzyme A” is
intended to mean an organic cofactor or prosthetic group
(nonprotein portion of an enzyme) whose presence is
required for the activity of many enzymes (the apoenzyme) to
form an active enzyme system. Coenzyme A functions in
certain condensing enzymes, acts in acetyl or other acyl group
transfer and in fatty acid synthesis and oxidation, pyruvate
oxidation and in other acetylation.

As used herein, the term “substantially anaerobic” when
used in reference to a culture or growth condition is intended
to mean that the amount of oxygen is less than about 10% of
saturation for dissolved oxygen in liquid media. The term also
is intended to include sealed chambers of liquid or solid
medium maintained with an atmosphere of less than about
1% oxygen.

“Exogenous” as it is used herein is intended to mean that
the referenced molecule or the referenced activity is intro-
duced into the host microbial organism. The molecule can be
introduced, for example, by introduction of an encoding
nucleic acid into the host genetic material such as by integra-
tion into a host chromosome or as non-chromosomal genetic
material such as a plasmid. Therefore, the term as itis used in
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reference to expression of an encoding nucleic acid refers to
introduction of the encoding nucleic acid in an expressible
form into the microbial organism. When used in reference to
a biosynthetic activity, the term refers to an activity that is
introduced into the host reference organism. The source can
be, for example, a homologous or heterologous encoding
nucleic acid that expresses the referenced activity following
introduction into the host microbial organism. Therefore, the
term “endogenous” refers to a referenced molecule or activity
that is present in the host. Similarly, the term when used in
reference to expression of an encoding nucleic acid refers to
expression of an encoding nucleic acid contained within the
microbial organism. The term “heterologous” refers to a mol-
ecule or activity derived from a source other than the refer-
enced species whereas “homologous” refers to a molecule or
activity derived from the host microbial organism. Accord-
ingly, exogenous expression of an encoding nucleic acid of
the invention can utilize either or both a heterologous or
homologous encoding nucleic acid.

It is understood that when more than one exogenous
nucleic acid is included in a microbial organism that the more
than one exogenous nucleic acids refers to the referenced
encoding nucleic acid or biosynthetic activity, as discussed
above. It is further understood, as disclosed herein, that such
more than one exogenous nucleic acids can be introduced into
the host microbial organism on separate nucleic acid mol-
ecules, on polycistronic nucleic acid molecules, or a combi-
nation thereof, and still be considered as more than one exog-
enous nucleic acid. For example, as disclosed herein a
microbial organism can be engineered to express two or more
exogenous nucleic acids encoding a desired pathway enzyme
or protein. In the case where two exogenous nucleic acids
encoding a desired activity are introduced into a host micro-
bial organism, it is understood that the two exogenous nucleic
acids can be introduced as a single nucleic acid, for example,
on a single plasmid, on separate plasmids, can be integrated
into the host chromosome at a single site or multiple sites, and
still be considered as two exogenous nucleic acids. Similarly,
it is understood that more than two exogenous nucleic acids
can be introduced into a host organism in any desired com-
bination, for example, on a single plasmid, on separate plas-
mids, can be integrated into the host chromosome at a single
site or multiple sites, and still be considered as two or more
exogenous nucleic acids, for example three exogenous
nucleic acids. Thus, the number of referenced exogenous
nucleic acids or biosynthetic activities refers to the number of
encoding nucleic acids or the number of biosynthetic activi-
ties, not the number of separate nucleic acids introduced into
the host organism.

The non-naturally occurring microbial organisms of the
invention can contain stable genetic alterations, which refers
to microorganisms that can be cultured for greater than five
generations without loss of the alteration. Generally, stable
genetic alterations include modifications that persist greater
than 10 generations, particularly stable modifications will
persist more than about 25 generations, and more particularly,
stable genetic modifications will be greater than 50 genera-
tions, including indefinitely.

Those skilled in the art will understand that the genetic
alterations, including metabolic modifications exemplified
herein, are described with reference to a suitable host organ-
ism such as E. coli and their corresponding metabolic reac-
tions or a suitable source organism for desired genetic mate-
rial such as genes for a desired metabolic pathway. However,
given the complete genome sequencing of a wide variety of
organisms and the high level of skill in the area of genomics,
those skilled in the art will readily be able to apply the teach-
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ings and guidance provided herein to essentially all other
organisms. For example, the . coli metabolic alterations
exemplified herein can readily be applied to other species by
incorporating the same or analogous encoding nucleic acid
from species other than the referenced species. Such genetic
alterations include, for example, genetic alterations of species
homologs, in general, and in particular, orthologs, paralogs or
nonorthologous gene displacements.

An ortholog is a gene or genes that are related by vertical
descent and are responsible for substantially the same or
identical functions in different organisms. For example,
mouse epoxide hydrolase and human epoxide hydrolase can
be considered orthologs for the biological function of
hydrolysis of epoxides. Genes are related by vertical descent
when, for example, they share sequence similarity of suffi-
cient amount to indicate they are homologous, or related by
evolution from a common ancestor. Genes can also be con-
sidered orthologs if they share three-dimensional structure
but not necessarily sequence similarity, ofa sufficient amount
to indicate that they have evolved from a common ancestor to
the extent that the primary sequence similarity is not identi-
fiable. Genes that are orthologous can encode proteins with
sequence similarity of about 25% to 100% amino acid
sequence identity. Genes encoding proteins sharing an amino
acid similarity less that 25% can also be considered to have
arisen by vertical descent if their three-dimensional structure
also shows similarities. Members of the serine protease fam-
ily of enzymes, including tissue plasminogen activator and
elastase, are considered to have arisen by vertical descent
from a common ancestor.

Orthologs include genes or their encoded gene products
that through, for example, evolution, have diverged in struc-
ture or overall activity. For example, where one species
encodes a gene product exhibiting two functions and where
such functions have been separated into distinct genes in a
second species, the three genes and their corresponding prod-
ucts are considered to be orthologs. For the production of a
biochemical product, those skilled in the art will understand
that the orthologous gene harboring the metabolic activity to
be introduced or disrupted is to be chosen for construction of
the non-naturally occurring microorganism. An example of
orthologs exhibiting separable activities is where distinct
activities have been separated into distinct gene products
between two or more species or within a single species. A
specific example is the separation of elastase proteolysis and
plasminogen proteolysis, two types of serine protease activ-
ity, into distinct molecules as plasminogen activator and
elastase. A second example is the separation of mycoplasma
5'-3' exonuclease and Drosophila DNA polymerase 111 activ-
ity. The DNA polymerase from the first species can be con-
sidered an ortholog to either or both of the exonuclease or the
polymerase from the second species and vice versa.

In contrast, paralogs are homologs related by, for example,
duplication followed by evolutionary divergence and have
similar or common, but not identical functions. Paralogs can
originate or derive from, for example, the same species or
from a different species. For example, microsomal epoxide
hydrolase (epoxide hydrolase I) and soluble epoxide hydro-
lase (epoxide hydrolase II) can be considered paralogs
because they represent two distinct enzymes, co-evolved
from a common ancestor, that catalyze distinct reactions and
have distinct functions in the same species. Paralogs are pro-
teins from the same species with significant sequence simi-
larity to each other suggesting that they are homologous, or
related through co-evolution from a common ancestor.
Groups of paralogous protein families include HipA
homologs, luciferase genes, peptidases, and others.
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A nonorthologous gene displacement is a nonorthologous
gene from one species that can substitute for a referenced
gene function in a different species. Substitution includes, for
example, being able to perform substantially the same or a
similar function in the species of origin compared to the
referenced function in the different species. Although gener-
ally, a nonorthologous gene displacement will be identifiable
as structurally related to a known gene encoding the refer-
enced function, less structurally related but functionally simi-
lar genes and their corresponding gene products nevertheless
will still fall within the meaning of the term as it is used
herein. Functional similarity requires, for example, at least
some structural similarity in the active site or binding region
of'a nonorthologous gene product compared to a gene encod-
ing the function sought to be substituted. Therefore, a non-
orthologous gene includes, for example, a paralog or an unre-
lated gene.

Therefore, in identifying and constructing the non-natu-
rally occurring microbial organisms of the invention having
butadiene or crotyl alcohol biosynthetic capability, those
skilled in the art will understand with applying the teaching
and guidance provided herein to a particular species that the
identification of metabolic modifications can include identi-
fication and inclusion or inactivation of orthologs. To the
extent that paralogs and/or nonorthologous gene displace-
ments are present in the referenced microorganism that
encode an enzyme catalyzing a similar or substantially simi-
lar metabolic reaction, those skilled in the art also can utilize
these evolutionally related genes.

Orthologs, paralogs and nonorthologous gene displace-
ments can be determined by methods well known to those
skilled in the art. For example, inspection of nucleic acid or
amino acid sequences for two polypeptides will reveal
sequence identity and similarities between the compared
sequences. Based on such similarities, one skilled in the art
can determine if the similarity is sufficiently high to indicate
the proteins are related through evolution from a common
ancestor. Algorithms well known to those skilled in the art,
such as Align, BLAST, Clustal W and others compare and
determine a raw sequence similarity or identity, and also
determine the presence or significance of gaps in the sequence
which can be assigned a weight or score. Such algorithms also
are known in the art and are similarly applicable for deter-
mining nucleotide sequence similarity or identity. Parameters
for sufficient similarity to determine relatedness are com-
puted based on well known methods for calculating statistical
similarity, or the chance of finding a similar match in a ran-
dom polypeptide, and the significance of the match deter-
mined. A computer comparison of two or more sequences
can, if desired, also be optimized visually by those skilled in
the art. Related gene products or proteins can be expected to
have a high similarity, for example, 25% to 100% sequence
identity. Proteins that are unrelated can have an identity which
is essentially the same as would be expected to occur by
chance, if a database of sufficient size is scanned (about 5%).
Sequences between 5% and 24% may or may not represent
sufficient homology to conclude that the compared sequences
are related. Additional statistical analysis to determine the
significance of such matches given the size of the data set can
be carried out to determine the relevance of these sequences.

Exemplary parameters for determining relatedness of two
or more sequences using the BLAST algorithm, for example,
can be as set forth below. Briefly, amino acid sequence align-
ments can be performed using BLASTP version 2.0.8 (Jan. 5,
1999) and the following parameters: Matrix: 0 BLOSUM62;
gap open: 11; gap extension: 1; x_dropoff: 50; expect: 10.0;
wordsize: 3; filter: on. Nucleic acid sequence alignments can
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be performed using BLASTN version 2.0.6 (Sep. 16, 1998)
and the following parameters: Match: 1; mismatch: -2; gap
open: 5; gap extension: 2; x_dropoff: 50; expect: 10.0; word-
size: 11; filter: off Those skilled in the art will know what
modifications can be made to the above parameters to either
increase or decrease the stringency of the comparison, for
example, and determine the relatedness of two or more
sequences.

In some embodiments, the invention provides a non-natu-
rally occurring microbial organism, including a microbial
organism having a butadiene pathway having at least one
exogenous nucleic acid encoding a butadiene pathway
enzyme expressed in a sufficient amount to produce butadi-
ene, the butadiene pathway including an acetyl-CoA:acetyl-
CoA acyltransferase, an acetoacetyl-CoA reductase, a 3-hy-
droxybutyryl-CoA dehydratase, a crotonyl-CoA reductase
(aldehyde forming), a crotonaldehyde reductase (alcohol
forming), a crotyl alcohol kinase, a 2-butenyl-4-phosphate
kinase, a butadiene synthase, a crotonyl-CoA hydrolase, syn-
thetase, or transferase, a crotonate reductase, a crotonyl-CoA
reductase (alcohol forming), a glutaconyl-CoA decarboxy-
lase, a glutaryl-CoA dehydrogenase, an 3-aminobutyryl-CoA
deaminase, a 4-hydroxybutyryl-CoA dehydratase or a crotyl
alcohol diphosphokinase (FIG. 2). In one aspect, the non-
naturally occurring microbial organism includes a microbial
organism having a butadiene pathway having at least one
exogenous nucleic acid encoding butadiene pathway
enzymes expressed in a sufficient amount to produce butadi-
ene, the butadiene pathway including an acetyl-CoA:acetyl-
CoA acyltransferase, an acetoacetyl-CoA reductase, a 3-hy-
droxybutyryl-CoA dehydratase, a crotonyl-CoA reductase
(aldehyde forming), a crotonaldehyde reductase (alcohol
forming), a crotyl alcohol kinase, a 2-butenyl-4-phosphate
kinase and a butadiene synthase (FIG. 2, steps A-H). In one
aspect, the non-naturally occurring microbial organism
includes a microbial organism having a butadiene pathway
having at least one exogenous nucleic acid encoding butadi-
ene pathway enzymes expressed in a sufficient amount to
produce butadiene, the butadiene pathway including an
acetyl-CoA:acetyl-CoA acyltransferase, an acetoacetyl-CoA
reductase, a 3-hydroxybutyryl-CoA dehydratase, a crotyl
alcohol kinase, a 2-butenyl-4-phosphate kinase, a butadiene
synthase and crotonyl-CoA reductase (alcohol forming)
(FIG. 2, steps A-C, K, F, G, H). In one aspect, the non-
naturally occurring microbial organism includes a microbial
organism having a butadiene pathway having at least one
exogenous nucleic acid encoding butadiene pathway
enzymes expressed in a sufficient amount to produce butadi-
ene, the butadiene pathway including an acetyl-CoA:acetyl-
CoA acyltransferase, an acetoacetyl-CoA reductase, a 3-hy-
droxybutyryl-CoA dehydratase, a butadiene synthase, a
crotonyl-CoA reductase (alcohol forming) and a crotyl alco-
hol diphosphokinase (FIG. 2, steps A-C, K, P, H). In one
aspect, the non-naturally occurring microbial organism
includes a microbial organism having a butadiene pathway
having at least one exogenous nucleic acid encoding butadi-
ene pathway enzymes expressed in a sufficient amount to
produce butadiene, the butadiene pathway including an
acetyl-CoA:acetyl-CoA acyltransferase, an acetoacetyl-CoA
reductase, a 3-hydroxybutyryl-CoA dehydratase, a crotonal-
dehyde reductase (alcohol forming), a crotyl alcohol kinase,
a 2-butenyl-4-phosphate kinase, a butadiene synthase, a
crotonyl-CoA hydrolase, synthetase, or transferase and a cro-
tonate reductase, (FIG. 2, steps A-C, I, J, E, F, G, H). In one
aspect, the non-naturally occurring microbial organism
includes a microbial organism having a butadiene pathway
having at least one exogenous nucleic acid encoding butadi-
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ene pathway enzymes expressed in a sufficient amount to
produce butadiene, the butadiene pathway including an
acetyl-CoA:acetyl-CoA acyltransferase, an acetoacetyl-CoA
reductase, a 3-hydroxybutyryl-CoA dehydratase, a crotonal-
dehyde reductase (alcohol forming), a butadiene synthase, a
crotonyl-CoA hydrolase, synthetase or transtferase, a croto-
nate reductase and a crotyl alcohol diphosphokinase (FIG. 2,
steps A-C, 1, I, E, P, H). In one aspect, the non-naturally
occurring microbial organism includes a microbial organism
having a butadiene pathway having at least one exogenous
nucleic acid encoding butadiene pathway enzymes expressed
in a sufficient amount to produce butadiene, the butadiene
pathway including an acetyl-CoA:acetyl-CoA acyltrans-
ferase, an acetoacetyl-CoA reductase, a 3-hydroxybutyryl-
CoA dehydratase, a crotonyl-CoA reductase (aldehyde form-
ing), a crotonaldehyde reductase (alcohol forming), a
butadiene synthase and a crotyl alcohol diphosphokinase
(FIG. 2, steps A-E, P, H). In one aspect, the non-naturally
occurring microbial organism includes a microbial organism
having a butadiene pathway having at least one exogenous
nucleic acid encoding butadiene pathway enzymes expressed
in a sufficient amount to produce butadiene, the butadiene
pathway including a glutaconyl-CoA decarboxylase, a croto-
nyl-CoA reductase (aldehyde forming), a crotonaldehyde
reductase (alcohol forming), a crotyl alcohol kinase, a 2-bute-
nyl-4-phosphate kinase and a butadiene synthase (FIG. 2,
steps L, D-H). In one aspect, the non-naturally occurring
microbial organism includes a microbial organism having a
butadiene pathway having at least one exogenous nucleic acid
encoding butadiene pathway enzymes expressed in a suffi-
cient amount to produce butadiene, the butadiene pathway
including a glutaconyl-CoA decarboxylase, a crotyl alcohol
kinase, a 2-butenyl-4-phosphate kinase, a butadiene synthase
and crotonyl-CoA reductase (alcohol forming) (FIG. 2, steps
L, K, F, G, H). In one aspect, the non-naturally occurring
microbial organism includes a microbial organism having a
butadiene pathway having at least one exogenous nucleic acid
encoding butadiene pathway enzymes expressed in a suffi-
cient amount to produce butadiene, the butadiene pathway
including a glutaconyl-CoA decarboxylase, a butadiene syn-
thase, a crotonyl-CoA reductase (alcohol forming) and a cro-
tyl alcohol diphosphokinase (FIG. 2, steps L, K, P, H). In one
aspect, the non-naturally occurring microbial organism
includes a microbial organism having a butadiene pathway
having at least one exogenous nucleic acid encoding butadi-
ene pathway enzymes expressed in a sufficient amount to
produce butadiene, the butadiene pathway including a gluta-
conyl-CoA decarboxylase, a crotonaldehyde reductase (alco-
hol forming), a crotyl alcohol kinase, a 2-butenyl-4-phos-
phate kinase, a butadiene synthase, a crotonyl-CoA
hydrolase, synthetase, or transferase and a crotonate reduc-
tase (FIG. 2, steps L, I, J, E, F, G, H). In one aspect, the
non-naturally occurring microbial organism includes a
microbial organism having a butadiene pathway having at
least one exogenous nucleic acid encoding butadiene path-
way enzymes expressed in a sufficient amount to produce
butadiene, the butadiene pathway including a glutaconyl-
CoA decarboxylase, a crotonaldehyde reductase (alcohol
forming), a butadiene synthase, a crotonyl-CoA hydrolase,
synthetase or transferase, a crotonate reductase and a crotyl
alcohol diphosphokinase (FIG. 2, steps L, 1, J, E, P, H). In one
aspect, the non-naturally occurring microbial organism
includes a microbial organism having a butadiene pathway
having at least one exogenous nucleic acid encoding butadi-
ene pathway enzymes expressed in a sufficient amount to
produce butadiene, the butadiene pathway including a 3-hy-
droxybutyryl-CoA dehydratase, a crotonyl-CoA reductase
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(aldehyde forming), a crotonaldehyde reductase (alcohol
forming), a butadiene a glutaconyl-CoA decarboxylase and a
crotyl alcohol diphosphokinase (FIG. 2, steps L, C, D, E, P,
H). In one aspect, the non-naturally occurring microbial
organism includes a microbial organism having a butadiene
pathway having at least one exogenous nucleic acid encoding
butadiene pathway enzymes expressed in a sufficient amount
to produce butadiene, the butadiene pathway including a glu-
taryl-CoA dehydrogenase, a crotonyl-CoA reductase (alde-
hyde forming), a crotonaldehyde reductase (alcohol form-
ing), a crotyl alcohol kinase, a 2-butenyl-4-phosphate kinase
and a butadiene synthase (FIG. 2, steps M, D-H). In one
aspect, the non-naturally occurring microbial organism
includes a microbial organism having a butadiene pathway
having at least one exogenous nucleic acid encoding butadi-
ene pathway enzymes expressed in a sufficient amount to
produce butadiene, the butadiene pathway including a glu-
taryl-CoA dehydrogenase, a crotyl alcohol kinase, a 2-bute-
nyl-4-phosphate kinase, a butadiene synthase and crotonyl-
CoA reductase (alcohol forming) (FIG. 2, steps M, K, F, G,
H). In one aspect, the non-naturally occurring microbial
organism includes a microbial organism having a butadiene
pathway having at least one exogenous nucleic acid encoding
butadiene pathway enzymes expressed in a sufficient amount
to produce butadiene, the butadiene pathway including a glu-
taryl-CoA dehydrogenase, a butadiene synthase, a crotonyl-
CoA reductase (alcohol forming) and a crotyl alcohol diphos-
phokinase (FIG. 2, steps M, K, P, H). In one aspect, the
non-naturally occurring microbial organism includes a
microbial organism having a butadiene pathway having at
least one exogenous nucleic acid encoding butadiene path-
way enzymes expressed in a sufficient amount to produce
butadiene, the butadiene pathway including a glutaryl-CoA
dehydrogenase, a crotonaldehyde reductase (alcohol form-
ing), a crotyl alcohol kinase, a 2-butenyl-4-phosphate kinase,
a butadiene synthase, a crotonyl-CoA hydrolase, synthetase,
or transferase and a crotonate reductase (FIG. 2, steps M, I, J,
E, F, G, H). In one aspect, the non-naturally occurring micro-
bial organism includes a microbial organism having a buta-
diene pathway having at least one exogenous nucleic acid
encoding butadiene pathway enzymes expressed in a suffi-
cient amount to produce butadiene, the butadiene pathway
including a glutaryl-CoA dehydrogenase, a crotonaldehyde
reductase (alcohol forming), a butadiene synthase, a croto-
nyl-CoA hydrolase, synthetase or transferase, a crotonate
reductase and a crotyl alcohol diphosphokinase (FIG. 2, steps
M, I, I, E, P, H). In one aspect, the non-naturally occurring
microbial organism includes a microbial organism having a
butadiene pathway having at least one exogenous nucleic acid
encoding butadiene pathway enzymes expressed in a suffi-
cient amount to produce butadiene, the butadiene pathway
including a 3-hydroxybutyryl-CoA dehydratase, a crotonyl-
CoA reductase (aldehyde forming), a crotonaldehyde reduc-
tase (alcohol forming), a butadiene synthase, a glutaryl-CoA
dehydrogenase and a crotyl alcohol diphosphokinase (FI1G. 2,
steps M, C, D, E, P, H). In one aspect, the non-naturally
occurring microbial organism includes a microbial organism
having a butadiene pathway having at least one exogenous
nucleic acid encoding butadiene pathway enzymes expressed
in a sufficient amount to produce butadiene, the butadiene
pathway including an 3-aminobutyryl-CoA deaminase, a
crotonyl-CoA reductase (aldehyde forming), a crotonalde-
hyde reductase (alcohol forming), a crotyl alcohol kinase, a
2-butenyl-4-phosphate kinase and a butadiene synthase (FIG.
2, steps N, D-H). In one aspect, the non-naturally occurring
microbial organism includes a microbial organism having a
butadiene pathway having at least one exogenous nucleic acid
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encoding butadiene pathway enzymes expressed in a suffi-
cient amount to produce butadiene, the butadiene pathway
including an 3-aminobutyryl-CoA deaminase, a crotyl alco-
hol kinase, a 2-butenyl-4-phosphate kinase, a butadiene syn-
thase and crotonyl-CoA reductase (alcohol forming) (FIG. 2,
steps N, K, F, G, H). In one aspect, the non-naturally occur-
ring microbial organism includes a microbial organism hav-
ing a butadiene pathway having at least one exogenous
nucleic acid encoding butadiene pathway enzymes expressed
in a sufficient amount to produce butadiene, the butadiene
pathway including an 3-aminobutyryl-CoA deaminase, a
butadiene synthase, a crotonyl-CoA reductase (alcohol form-
ing) and a crotyl alcohol diphosphokinase (FIG. 2, steps N, K,
P, H). In one aspect, the non-naturally occurring microbial
organism includes a microbial organism having a butadiene
pathway having at least one exogenous nucleic acid encoding
butadiene pathway enzymes expressed in a sufficient amount
to produce butadiene, the butadiene pathway including an
3-aminobutyryl-CoA deaminase, a crotonaldehyde reductase
(alcohol forming), a crotyl alcohol kinase, a 2-butenyl-4-
phosphate kinase, a butadiene synthase, a crotonyl-CoA
hydrolase, synthetase, or transferase and a crotonate reduc-
tase (FIG. 2, steps N, 1, I, E, F, G, H). In one aspect, the
non-naturally occurring microbial organism includes a
microbial organism having a butadiene pathway having at
least one exogenous nucleic acid encoding butadiene path-
way enzymes expressed in a sufficient amount to produce
butadiene, the butadiene pathway including an 3-aminobu-
tyryl-CoA deaminase, a crotonaldehyde reductase (alcohol
forming), a butadiene synthase, a crotonyl-CoA hydrolase,
synthetase or transferase, a crotonate reductase and a crotyl
alcohol diphosphokinase (FIG. 2, steps N, [, J, E, P, H). In one
aspect, the non-naturally occurring microbial organism
includes a microbial organism having a butadiene pathway
having at least one exogenous nucleic acid encoding butadi-
ene pathway enzymes expressed in a sufficient amount to
produce butadiene, the butadiene pathway including a 3-hy-
droxybutyryl-CoA dehydratase, a crotonyl-CoA reductase
(aldehyde forming), a crotonaldehyde reductase (alcohol
forming), a butadiene synthase, a 3-aminobutyryl-CoA
deaminase and a crotyl alcohol diphosphokinase (FIG. 2,
steps N, C, D, E, P, H). In one aspect, the non-naturally
occurring microbial organism includes a microbial organism
having a butadiene pathway having at least one exogenous
nucleic acid encoding butadiene pathway enzymes expressed
in a sufficient amount to produce butadiene, the butadiene
pathway including a 4-hydroxybutyryl-CoA dehydratase, a
crotonyl-CoA reductase (aldehyde forming), a crotonalde-
hyde reductase (alcohol forming), a crotyl alcohol kinase, a
2-butenyl-4-phosphate kinase and a butadiene synthase (FIG.
2, steps O, D-H). In one aspect, the non-naturally occurring
microbial organism includes a microbial organism having a
butadiene pathway having at least one exogenous nucleic acid
encoding butadiene pathway enzymes expressed in a suffi-
cient amount to produce butadiene, the butadiene pathway
including a 4-hydroxybutyryl-CoA dehydratase, a crotyl
alcohol kinase, a 2-butenyl-4-phosphate kinase, a butadiene
synthase and crotonyl-CoA reductase (alcohol forming)
(FIG. 2, steps O, K, F, G, H). In one aspect, the non-naturally
occurring microbial organism includes a microbial organism
having a butadiene pathway having at least one exogenous
nucleic acid encoding butadiene pathway enzymes expressed
in a sufficient amount to produce butadiene, the butadiene
pathway including a 4-hydroxybutyryl-CoA dehydratase, a
butadiene synthase, a crotonyl-CoA reductase (alcohol form-
ing) and a crotyl alcohol diphosphokinase (FIG. 2, steps O, K,
P, H). In one aspect, the non-naturally occurring microbial
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organism includes a microbial organism having a butadiene
pathway having at least one exogenous nucleic acid encoding
butadiene pathway enzymes expressed in a sufficient amount
to produce butadiene, the butadiene pathway including a
4-hydroxybutyryl-CoA dehydratase, a crotonaldehyde
reductase (alcohol forming), a crotyl alcohol kinase, a 2-bute-
nyl-4-phosphate kinase, a butadiene synthase, a crotonyl-
CoA hydrolase, synthetase, or transferase and a crotonate
reductase (FIG. 2, steps O, L, I, E, F, G, H). In one aspect, the
non-naturally occurring microbial organism includes a
microbial organism having a butadiene pathway having at
least one exogenous nucleic acid encoding butadiene path-
way enzymes expressed in a sufficient amount to produce
butadiene, the butadiene pathway including a 4-hydroxybu-
tyryl-CoA dehydratase, a crotonaldehyde reductase (alcohol
forming), a butadiene synthase, a crotonyl-CoA hydrolase,
synthetase or transferase, a crotonate reductase and a crotyl
alcohol diphosphokinase (FIG. 2, steps O, [, ], E, P, H). In one
aspect, the non-naturally occurring microbial organism
includes a microbial organism having a butadiene pathway
having at least one exogenous nucleic acid encoding butadi-
ene pathway enzymes expressed in a sufficient amount to
produce butadiene, the butadiene pathway including a 3-hy-
droxybutyryl-CoA dehydratase, a crotonyl-CoA reductase
(aldehyde forming), a crotonaldehyde reductase (alcohol
forming), a butadiene synthase, a 4-hydroxybutyryl-CoA
dehydratase and a crotyl alcohol diphosphokinase (FIG. 2,
steps L, C, D, E, P, H).

In some embodiments, the invention provides a non-natu-
rally occurring microbial organism, including a microbial
organism having a butadiene pathway having at least one
exogenous nucleic acid encoding a butadiene pathway
enzyme expressed in a sufficient amount to produce butadi-
ene, the butadiene pathway including an erythrose-4-phos-
phate reductase, an erythritol-4-phospate cytidylyltrans-
ferase, a 4-(cytidine 5'-diphospho)-erythritol kinase, an
erythritol 2,4-cyclodiphosphate synthase, a 1-hydroxy-2-
butenyl 4-diphosphate synthase, a 1-hydroxy-2-butenyl
4-diphosphate reductase, a butenyl 4-diphosphate isomerase,
a butadiene synthase, an erythrose-4-phosphate kinase, an
erythrose reductase or an erythritol kinase (FIG. 3). In one
aspect, the non-naturally occurring microbial organism
includes a microbial organism having a butadiene pathway
having at least one exogenous nucleic acid encoding butadi-
ene pathway enzymes expressed in a sufficient amount to
produce butadiene, the butadiene pathway including an eryth-
rose-4-phosphate reductase, an erythritol-4-phospate cytidy-
lyltransferase, a 4-(cytidine 5'-diphospho)-erythritol kinase,
an erythritol 2,4-cyclodiphosphate synthase, a 1-hydroxy-2-
butenyl 4-diphosphate synthase, a 1-hydroxy-2-butenyl
4-diphosphate reductase and a butadiene synthase (FIG. 3,
steps A-F, and H). In one aspect, the non-naturally occurring
microbial organism includes a microbial organism having a
butadiene pathway having at least one exogenous nucleic acid
encoding butadiene pathway enzymes expressed in a suffi-
cient amount to produce butadiene, the butadiene pathway
including an erythrose-4-phosphate reductase, an erythritol-
4-phospate cytidylyltransferase, a 4-(cytidine 5'-diphospho)-
erythritol kinase, an erythritol 2,4-cyclodiphosphate syn-
thase, a 1-hydroxy-2-butenyl 4-diphosphate synthase, a
1-hydroxy-2-butenyl 4-diphosphate reductase, a butenyl
4-diphosphate isomerase and butadiene synthase (FIG. 3,
steps A-H). In one aspect, the non-naturally occurring micro-
bial organism includes a microbial organism having a buta-
diene pathway having at least one exogenous nucleic acid
encoding butadiene pathway enzymes expressed in a suffi-
cient amount to produce butadiene, the butadiene pathway
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including an erythritol-4-phospate cytidylyltransferase, a
4-(cytidine 5'-diphospho)-erythritol kinase, an erythritol 2,4-
cyclodiphosphate synthase, a 1-hydroxy-2-butenyl 4-diphos-
phate synthase, a 1-hydroxy-2-butenyl 4-diphosphate reduc-
tase, a butadiene synthase, an erythrose-4-phosphate kinase,
an erythrose reductase and a erythritol kinase (FIG. 3, steps I,
J, K, B-F, H). In one aspect, the non-naturally occurring
microbial organism includes a microbial organism having a
butadiene pathway having at least one exogenous nucleic acid
encoding butadiene pathway enzymes expressed in a suffi-
cient amount to produce butadiene, the butadiene pathway
including an erythritol-4-phospate cytidylyltransferase, a
4-(cytidine 5'-diphospho)-erythritol kinase, an erythritol 2,4-
cyclodiphosphate synthase, a 1-hydroxy-2-butenyl 4-diphos-
phate synthase, a 1-hydroxy-2-butenyl 4-diphosphate reduc-
tase, a butenyl 4-diphosphate isomerase, a butadiene
synthase, an erythrose-4-phosphate kinase, an erythrose
reductase and an erythritol kinase (FIG. 3, steps [, J, K, B-H).

In some embodiments, the invention provides a non-natu-
rally occurring microbial organism, including a microbial
organism having a butadiene pathway having at least one
exogenous nucleic acid encoding a butadiene pathway
enzyme expressed in a sufficient amount to produce butadi-
ene, the butadiene pathway including a malonyl-CoA:acetyl-
CoA acyltransferase, an 3-oxoglutaryl-CoA reductase (ke-
tone-reducing), a  3-hydroxyglutaryl-CoA  reductase
(aldehyde forming), a 3-hydroxy-5-oxopentanoate reductase,
a 3,5-dihydroxypentanoate kinase, a 3-hydroxy-5-phospho-
natooxypentanoate  kinase, a  3-hydroxy-5-[hydroxy
(phosphonooxy)phosphoryl]oxy pentanoate decarboxylase,
a butenyl 4-diphosphate isomerase, a butadiene synthase, a
3-hydroxyglutaryl-CoA reductase (alcohol forming), an
3-oxoglutaryl-CoA reductase (aldehyde forming), a 3,5-di-
oxopentanoate reductase (ketone reducing), a 3,5-dioxopen-
tanoate reductase (aldehyde reducing), a 5-hydroxy-3-oxo-
pentanoate reductase or an 3-oxo-glutaryl-CoA reductase
(CoA reducing and alcohol forming) (FIG. 4). In one aspect,
the non-naturally occurring microbial organism includes a
microbial organism having a butadiene pathway having at
least one exogenous nucleic acid encoding butadiene path-
way enzymes expressed in a sufficient amount to produce
butadiene, the butadiene pathway including a malonyl-CoA:
acetyl-CoA acyltransferase, an 3-oxoglutaryl-CoA reductase
(ketone-reducing), a 3-hydroxyglutaryl-CoA reductase (al-
dehyde forming), a 3-hydroxy-5-oxopentanoate reductase, a
3,5-dihydroxypentanoate kinase, a 3-hydroxy-5-phospho-
natooxypentanoate  kinase, a  3-hydroxy-5-[hydroxy
(phosphonooxy)phosphoryl]oxy pentanoate decarboxylase,
a butenyl 4-diphosphate isomerase and a butadiene synthase
(FIG. 4, steps A-]). In one aspect, the non-naturally occurring
microbial organism includes a microbial organism having a
butadiene pathway having at least one exogenous nucleic acid
encoding butadiene pathway enzymes expressed in a suffi-
cient amount to produce butadiene, the butadiene pathway
including a malonyl-CoA:acetyl-CoA acyltransferase, a 3,5-
dihydroxypentanoate kinase, a 3-hydroxy-5-phospho-
natooxypentanoate  kinase, a  3-hydroxy-5-[hydroxy
(phosphonooxy)phosphoryl]oxy pentanoate decarboxylase,
a butenyl 4-diphosphate isomerase, a butadiene synthase, an
3-oxoglutaryl-CoA reductase (aldehyde forming), a 3,5-di-
oxopentanoate reductase (aldehyde reducing) and a 5-hy-
droxy-3-oxopentanoate reductase. (FI1G. 4, steps A, K, M, N,
E, F, G, H, I). In one aspect, the non-naturally occurring
microbial organism includes a microbial organism having a
butadiene pathway having at least one exogenous nucleic acid
encoding butadiene pathway enzymes expressed in a suffi-
cient amount to produce butadiene, the butadiene pathway
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including a malonyl-CoA:acetyl-CoA acyltransferase, a
3-hydroxy-5-oxopentanoate reductase, a 3,5-dihydroxypen-
tanoate kinase, a 3-Hydroxy-5-phosphonatooxypentanoate
kinase, a 3-Hydroxy-5-[hydroxy(phosphonooxy)phospho-
ryljoxy pentanoate decarboxylase, a butenyl 4-diphosphate
isomerase, a butadiene synthase, an 3-oxoglutaryl-CoA
reductase (aldehyde forming) and a 3,5-dioxopentanoate
reductase (ketone reducing). (F1G. 4, steps A, K, L, D, E, F, G,
H, ). In one aspect, the non-naturally occurring microbial
organism includes a microbial organism having a butadiene
pathway having at least one exogenous nucleic acid encoding
butadiene pathway enzymes expressed in a sufficient amount
to produce butadiene, the butadiene pathway including a
malonyl-CoA:acetyl-CoA acyltransferase, a 3,5-dihydroxy-
pentanoate kinase, a 3-hydroxy-5-phosphonatooxypen-
tanoate kinase, a 3-hydroxy-5-[hydroxy(phosphonooxy)
phosphorylloxy pentanoate decarboxylase, a butenyl
4-diphosphate isomerase, a butadiene synthase, a 5-hydroxy-
3-oxopentanoate reductase and a 3-oxo-glutaryl-CoA reduc-
tase (CoA reducing and alcohol forming). (FIG. 4, steps A, O,
N, E, F, G, H, I). In one aspect, the non-naturally occurring
microbial organism includes a microbial organism having a
butadiene pathway having at least one exogenous nucleic acid
encoding butadiene pathway enzymes expressed in a suffi-
cient amount to produce butadiene, the butadiene pathway
including a malonyl-CoA:acetyl-CoA acyltransferase, an
3-oxoglutaryl-CoA reductase (ketone-reducing), a 3,5-dihy-
droxypentanoate kinase, a 3-hydroxy-5-phosphonatooxy-
pentanoate kinase, a 3-hydroxy-5-[hydroxy(phosphonooxy)
phosphorylloxy pentanoate decarboxylase, a butenyl
4-diphosphate isomerase, a butadiene synthase and a 3-hy-
droxyglutaryl-CoA reductase (alcohol forming). (FIG. 4,
steps A, B, I, E, F, G, H, I).

In an additional embodiment, the invention provides a non-
naturally occurring microbial organism having a butadiene or
acrotyl alcohol pathway, wherein the non-naturally occurring
microbial organism comprises at least one exogenous nucleic
acid encoding an enzyme or protein that converts a substrate
to a product selected from the group consisting of acetyl-CoA
to acetoacetyl-CoA, acetoacetyl-CoA to 3-hydroxybutyryl-
CoA, 3-hydroxybutyryl-CoA to crotonyl-CoA, crotonyl-
CoA to crotonaldehyde, crotonaldehyde to crotyl alcohol,
crotyl alcohol to 2-betenyl-phosphate, 2-betenyl-phosphate
to 2-butenyl-4-diphosphate, 2-butenyl-4-diphosphate to
butadiene, erythrose-4-phosphate to erythritol-4-phosphate,
erythritol-4-phosphate to 4-(cytidine 5'-diphospho)-erythri-
tol, 4-(cytidine 5'-diphospho)-erythritol to 2-phospho-4-(cy-
tidine  5'-diphospho)-erythritol,  2-phospho-4-(cytidine
5'-diphospho)-erythritol to erythritol-2,4-cyclodiphosphate,
erythritol-2,4-cyclodiphosphate  to  1-hydroxy-2-butenyl
4-diphosphate, 1-hydroxy-2-butenyl 4-diphosphate to bute-
nyl 4-diphosphate, butenyl 4-diphosphate to 2-butenyl
4-diphosphate, 1-hydroxy-2-butenyl 4-diphosphate to
2-butenyl 4-diphosphate, 2-butenyl 4-diphosphate to butadi-
ene, malonyl-CoA and acetyl-CoA to 3-oxoglutaryl-CoA,
3-oxoglutaryl-CoA to 3-hydroxyglutaryl-CoA to 3-hydroxy-
5-oxopentanoate, 3-hydroxy-5-oxopentanoate to 3,5-dihy-
droxy pentanoate, 3,5-dihydroxy pentanoate to 3-hydroxy-5-
phosphonatooxypentanoate, 3-hydroxy-5-
phosphonatooxypentanoate  to  3-hydroxy-5-[hydroxy
(phosphonooxy)phosphoryl]oxy pentanoate, 3-hydroxy-5-
[hydroxy(phosphonooxy)phosphorylloxy pentanoate to
butenyl 4-biphosphate, glutaconyl-CoA to crotonyl-CoA,
glutaryl-CoA to crotonyl-CoA, 3-aminobutyryl-CoA to
crotonyl-CoA, 4-hydroxybutyryl-CoA to crotonyl-CoA,
crotonyl-CoA to crotonate, crotonate to crotonaldehyde,
crotonyl-CoA to crotyl alcohol, crotyl alcohol to 2-butenyl-
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4-diphosphate, erythrose-4-phosphate to erythrose, erythrose
to erythritol, erythritol to erythritol-4-phosphate, 3-oxoglu-
taryl-CoA to 3,5-dioxopentanoate, 3,5-dioxopentanoate to
5-hydroxy-3-oxopentanoate, 5-hydroxy-3-oxopentanoate to
3,5-dihydroxypentanoate, 3-oxoglutaryl-CoA to 5-hydroxy-
3-oxopentanoate, 3,5-dioxopentanoate to 3-hydroxy-5-oxo-
pentanoate, 3-hydroxyglutaryl-CoA to 3,5-dihydroxypen-
tanoate and oxaloacetate to malate, malate to fumarate,
fumarate to succiniate, succinate to succinyl-CoA, succinyl-
CoA to o-ketoglutarate, a-ketoglutarate to D-isocitrate,
D-isocitrate to succinate, D-isocitrate to glyoxylate, glyoxy-
late and acetyl-CoA to malate, D-isocitrate to citrate, citrate
to acetate, citrate to oxaloacetate, citrate to acetyl-CoA,
acetyl-CoA to pyruvate, pyruvate to phosphoenolpyruvate,
pyruvate to oxaloacetate, pyruvate to malate, phhospho-
enolpyruvate to oxaloacetate. One skilled in the art will
understand that these are merely exemplary and that any of
the substrate-product pairs disclosed herein suitable to pro-
duce a desired product and for which an appropriate activity
is available for the conversion of the substrate to the product
can be readily determined by one skilled in the art based on
the teachings herein. Thus, the invention provides a non-
naturally occurring microbial organism containing at least
one exogenous nucleic acid encoding an enzyme or protein,
where the enzyme or protein converts the substrates and prod-
ucts of a butadiene or a crotyl alcohol pathway, such as that
shown in FIGS. 2-7 and 10-11.

While generally described herein as a microbial organism
that contains a butadiene or a crotyl alcohol pathway, it is
understood that the invention additionally provides a non-
naturally occurring microbial organism comprising at least
one exogenous nucleic acid encoding a butadiene or a crotyl
alcohol pathway enzyme expressed in a sufficient amount to
produce an intermediate of a butadiene or a crotyl alcohol
pathway. For example, as disclosed herein, a butadiene path-
way is exemplified in FIGS. 2-4. Therefore, in addition to a
microbial organism containing a butadiene pathway that pro-
duces butadiene, the invention additionally provides a non-
naturally occurring microbial organism comprising at least
one exogenous nucleic acid encoding a butadiene pathway
enzyme, where the microbial organism produces a butadiene
pathway intermediate, for example, acetoacetyl-CoA, 3-hy-
droxybutyryl-CoA, crotonyl-CoA, crotonaldehyde, crotyl
alcohol, 2-betenyl-phosphate, 2-butenyl-4-diphosphate,
erythritol-4-phosphate, 4-(cytidine 5'-diphospho)-erythritol,
2-phospho-4-(cytidine 5'-diphospho)-erythritol, erythritol-2,
4-cyclodiphosphate, 1-hydroxy-2-butenyl 4-diphosphate,
butenyl 4-diphosphate, 2-butenyl 4-diphosphate, 3-oxoglu-
taryl-CoA, 3-hydroxyglutaryl-CoA, 3-hydroxy-5-oxopen-
tanoate, 3,5-dihydroxy pentanoate, 3-hydroxy-5-phospho-
natooxypentanoate, 3-hydroxy-5-[hydroxy(phosphonooxy)
phosphoryl]oxy pentanoate, crotonate, erythrose, erythritol,
3,5-dioxopentanoate or 5-hydroxy-3-oxopentanoate.

It is understood that any of the pathways disclosed herein,
as described in the Examples and exemplified in the Figures,
including the pathways of FIGS. 2-7 and 10-11, can be uti-
lized to generate a non-naturally occurring microbial organ-
ism that produces any pathway intermediate or product, as
desired. As disclosed herein, such a microbial organism that
produces an intermediate can be used in combination with
another microbial organism expressing downstream pathway
enzymes to produce a desired product. However, it is under-
stood that a non-naturally occurring microbial organism that
produces a butadiene or crotyl alcohol pathway intermediate
can be utilized to produce the intermediate as a desired prod-
uct.
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This invention is also directed, in part to engineered bio-
synthetic pathways to improve carbon flux through a central
metabolism intermediate en route to butadiene or crotyl alco-
hol. The present invention provides non-naturally occurring
microbial organisms having one or more exogenous genes
encoding enzymes that can catalyze various enzymatic trans-
formations en route to butadiene or crotyl alcohol. In some
embodiments, these enzymatic transformations are part of the
reductive tricarboxylic acid (RTCA) cycle and are used to
improve product yields, including but not limited to, from
carbohydrate-based carbon feedstock.

In numerous engineered pathways, realization of maxi-
mum product yields based on carbohydrate feedstock is ham-
pered by insufficient reducing equivalents or by loss of reduc-
ing equivalents and/or carbon to byproducts. In accordance
with some embodiments, the present invention increases the
yields of butadiene or crotyl alcohol by (a) enhancing carbon
fixation via the reductive TCA cycle, and/or (b) accessing
additional reducing equivalents from gaseous carbon sources
and/or syngas components such as CO, CO,, and/or H,. In
addition to syngas, other sources of such gases include, but
are not limted to, the atmosphere, either as found in nature or
generated.

The CO,-fixing reductive tricarboxylic acid (RTCA) cycle
is an endergenic anabolic pathway of CO, assimilation which
uses reducing equivalents and ATP (FIG. 6). One turn of the
RTCA cycle assimilates two moles of CO, into one mole of
acetyl-CoA, or four moles of CO, into one mole of oxaloac-
etate. This additional availability of acetyl-CoA improves the
maximum theoretical yield of product molecules derived
from carbohydrate-based carbon feedstock. Exemplary car-
bohydrates include but are not limited to glucose, sucrose,
xylose, arabinose and glycerol.

In some embodiments, the reductive TCA cycle, coupled
with carbon monoxide dehydrogenase and/or hydrogenase
enzymes, can be employed to allow syngas, CO,, CO, H,,
and/or other gaseous carbon source utilization by microor-
ganisms. Synthesis gas (syngas), in particular is a mixture of
primarily H, and CO, sometimes including some amounts of
CO,, that can be obtained via gasification of any organic
feedstock, such as coal, coal oil, natural gas, biomass, or
waste organic matter. Numerous gasification processes have
been developed, and most designs are based on partial oxida-
tion, where limiting oxygen avoids full combustion, of
organic materials at high temperatures (500-1500° C.) to
provide syngas as a 0.5:1-3:1 H,/CO mixture. In addition to
coal, biomass of many types has been used for syngas pro-
duction and represents an inexpensive and flexible feedstock
for the biological production of renewable chemicals and
fuels. Carbon dioxide can be provided from the atmosphere or
in condensed from, for example, from a tank cylinder, or via
sublimation of solid CO,. Similarly, CO and hydrogen gas
can be provided in reagent form and/or mixed in any desired
ratio. Other gaseous carbon forms can include, for example,
methanol or similar volatile organic solvents.

The components of synthesis gas and/or other carbon
sources can provide sufficient CO,, reducing equivalents, and
ATP for the reductive TCA cycle to operate. One turn of the
RTCA cycle assimilates two moles of CO, into one mole of
acetyl-CoA and requires 2 ATP and 4 reducing equivalents.
CO and/or H, can provide reducing equivalents by means of
carbon monoxide dehydrogenase and hydrogenase enzymes,
respectively. Reducing equivalents can come in the form of
NADH, NADPH, FADH, reduced quinones, reduced ferre-
doxins, thioredoxins and reduced flavodoxins. The reducing
equivalents, particularly NADH, NADPH, and reduced ferre-
doxin, can serve as cofactors for the RTCA cycle enzymes, for
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example, malate dehydrogenase, fumarate reductase, alpha-
ketoglutarate:ferredoxin ~ oxidoreductase  (alternatively
known as 2-oxoglutarate:ferredoxin oxidoreductase, alpha-
ketoglutarate synthase, or 2-oxoglutarate synthase), pyru-
vate:ferredoxin oxidoreductase and isocitrate dehydroge-
nase. The electrons from these reducing equivalents can
alternatively pass through an ion-gradient producing electron
transport chain where they are passed to an acceptor such as
oxygen, nitrate, oxidized metal ions, protons, or an electrode.
The ion-gradient can then be used for ATP generation via an
ATP synthase or similar enzyme.

The reductive TCA cycle was first reported in the green
sulfur photosynthetic bacterium Chlorobium limicola (Evans
etal., Proc. Natl. Acad. Sci. U.S.A. 55:928-934 (1966)). Simi-
lar pathways have been characterized in some prokaryotes
(proteobacteria, green sulfur bacteria and thermophillic
Knallgas bacteria) and sulfur-dependent archaea (Hugler et
al.,J. Bacteriol. 187:3020-3027 (2005; Hugler et al., Environ.
Microbiol. 9:81-92 (2007). In some cases, reductive and oxi-
dative (Krebs) TCA cycles are present in the same organism
(Hugler et al., supra (2007); Siebers et al., J. Bacteriol. 186:
2179-2194 (2004)). Some methanogens and obligate anaer-
obes possess incomplete oxidative or reductive TCA cycles
that may function to synthesize biosynthetic intermediates
(Ekiel et al., J. Bacteriol. 162:905-908 (1985); Wood et al.,
FEMS Microbiol. Rev. 28:335-352 (2004)).

The key carbon-fixing enzymes of the reductive TCA cycle
are alpha-ketoglutarate: ferredoxin oxidoreductase, pyruvate:
ferredoxin oxidoreductase and isocitrate dehydrogenase.
Additional carbon may be fixed during the conversion of
phosphoenolpyruvate to oxaloacetate by phosphoenolpyru-
vate carboxylase or phosphoenolpyruvate carboxykinase or
by conversion of pyruvate to malate by malic enzyme.

Many of the enzymes in the TCA cycle are reversible and
can catalyze reactions in the reductive and oxidative direc-
tions. However, some TCA cycle reactions are irreversible in
vivo and thus different enzymes are used to catalyze these
reactions in the directions required for the reverse TCA cycle.
These reactions are: (1) conversion of citrate to oxaloacetate
and acetyl-CoA, (2) conversion of fumarate to succinate, and
(3) conversion of succinyl-CoA to alpha-ketoglutarate. In the
TCA cycle, citrate is formed from the condensation of oxalo-
acetate and acetyl-CoA. The reverse reaction, cleavage of
citrate to oxaloacetate and acetyl-CoA, is ATP-dependent and
catalyzed by ATP-citrate lyase, or citryl-CoA synthetase and
citryl-CoA lyase. Alternatively, citrate lyase can be coupled
to acetyl-CoA synthetase, an acetyl-CoA transferase, or
phosphotransacetylase and acetate kinase to form acetyl-CoA
and oxaloacetate from citrate. The conversion of succinate to
fumarate is catalyzed by succinate dehydrogenase while the
reverse reaction is catalyzed by fumarate reductase. In the
TCA cycle succinyl-CoA is formed from the NAD(P)*
dependent decarboxylation of alpha-ketoglutarate by the
alpha-ketoglutarate dehydrogenase complex. The reverse
reaction is catalyzed by alpha-ketoglutarate:ferredoxin oxi-
doreductase.

An organism capable of utilizing the reverse tricarboxylic
acid cycle to enable production of acetyl-CoA-derived prod-
ucts on 1) CO, 2) CO, and H,, 3) CO and CO,, 4) synthesis
gas comprising CO and H,, and 5) synthesis gas or other
gaseous carbon sources comprising CO, CO,, and H, can
include any of the following enzyme activities: ATP-citrate
lyase, citrate lyase, aconitase, isocitrate dehydrogenase,
alpha-ketoglutarate:ferredoxin  oxidoreductase, succinyl-
CoA synthetase, succinyl-CoA transferase, fumarate reduc-
tase, fumarase, malate dehydrogenase, acetate kinase, phos-
photransacetylase, acetyl-CoA synthetase, acetyl-CoA
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transferase, pyruvate:ferredoxin oxidoreductase, NAD(P)H:
ferredoxin oxidoreductase, carbon monoxide dehydroge-
nase, hydrogenase, and ferredoxin (see FIG. 7). Enzymes and
the corresponding genes required for these activities are
described herein.

Carbon from syngas or other gaseous carbon sources can
be fixed via the reverse TCA cycle and components thereof.
Specifically, the combination of certain carbon gas-utiliza-
tion pathway components with the pathways for formation of
butadiene or crotyl alcohol from acetyl-CoA results in high
yields of these products by providing an efficient mechanism
for fixing the carbon present in carbon dioxide, fed exog-
enously or produced endogenously from CO, into acetyl-
CoA.

In some embodiments, a butadiene or crotyl alcohol path-
way in a non-naturally occurring microbial organism of the
invention can utilize any combination of (1) CO, (2) CO,, (3)
H,, or mixtures thereof to enhance the yields of biosynthetic
steps involving reduction, including addition to driving the
reductive TCA cycle.

In some embodiments a non-naturally occurring microbial
organism having a butadiene or crotyl alcohol pathway
includes at least one exogenous nucleic acid encoding a
reductive TCA pathway enzyme. The at least one exogenous
nucleic acid is selected from an ATP-citrate lyase, citrate
lyase, a fumarate reductase, isocitrate dehydrogenase, aconi-
tase, and an alpha-ketoglutarate:ferredoxin oxidoreductase;
and at least one exogenous enzyme selected from a carbon
monoxide dehydrogenase, a hydrogenase, a NAD(P)H:ferre-
doxin oxidoreductase, and a ferredoxin, expressed in a suffi-
cient amount to allow the utilization of (1) CO, (2) CO,, (3)
H,, (4) CO, and H,, (5) CO and CO,, (6) CO and H,, or (7)
CO, CO,, and H,.

In some embodiments a method includes culturing a non-
naturally occurring microbial organism having a butadiene or
crotyl alcohol pathway also comprising at least one exog-
enous nucleic acid encoding a reductive TCA pathway
enzyme. The at least one exogenous nucleic acid is selected
from an ATP-citrate lyase, citrate lyase, a fumarate reductase,
isocitrate dehydrogenase, aconitase, and an alpha-ketoglut-
arate:ferredoxin oxidoreductase. Additionally, such an organ-
ism can also include at least one exogenous enzyme selected
from a carbon monoxide dehydrogenase, a hydrogenase, a
NAD(P)H:ferredoxin oxidoreductase, and a ferredoxin,
expressed in a sufficient amount to allow the utilization of (1)
CO, (2)C0O,,(3)H,, (4)CO,and H,, (5) COand CO,, (6) CO
and H,, or (7) CO, CO,, and H, to produce a product.

In some embodiments a non-naturally occurring microbial
organism having a butadiene or crotyl alcohol pathway fur-
ther includes at least one exogenous nucleic acid encoding a
reductive TCA pathway enzyme expressed in a sufficient
amount to enhance carbon flux through acetyl-CoA. The at
least one exogenous nucleic acid is selected from an ATP-
citrate lyase, citrate lyase, a fumarate reductase, a pyruvate:
ferredoxin oxidoreductase, isocitrate dehydrogenase, aconi-
tase, and an alpha-ketoglutarate:ferredoxin oxidoreductase.

In some embodiments a non-naturally occurring microbial
organism having a butadiene or crotyl alcohol pathway
includes at least one exogenous nucleic acid encoding an
enzyme expressed in a sufficient amount to enhance the avail-
ability of reducing equivalents in the presence of carbon
monoxide and/or hydrogen, thereby increasing the yield of
redox-limited products via carbohydrate-based carbon feed-
stock. The at least one exogenous nucleic acid is selected
from a carbon monoxide dehydrogenase, a hydrogenase, an
NAD(P)H:ferredoxin oxidoreductase, and a ferredoxin. In
some embodiments, the present invention provides a method
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for enhancing the availability of reducing equivalents in the
presence of carbon monoxide or hydrogen thereby increasing
the yield of redox-limited products via carbohydrate-based
carbon feedstock, such as sugars or gaseous carbon sources,
the method includes culturing this non-naturally occurring
microbial organism under conditions and for a sufficient
period of time to produce butadiene or crotyl alcohol.

In some embodiments, the non-naturally occurring micro-
bial organism having a butadiene or crotyl alcohol pathway
includes two exogenous nucleic acids, each encoding a reduc-
tive TCA pathway enzyme. In some embodiments, the non-
naturally occurring microbial organism having a butadiene or
crotyl alcohol pathway includes three exogenous nucleic
acids each encoding a reductive TCA pathway enzyme. In
some embodiments, the non-naturally occurring microbial
organism includes three exogenous nucleic acids encoding an
ATP-citrate lyase, a fumarate reductase, and an alpha-keto-
glutarate:ferredoxin oxidoreductase. In some embodiments,
the non-naturally occurring microbial organism includes
three exogenous nucleic acids encoding a citrate lyase, a
fumarate reductase, and an alpha-ketoglutarate:ferredoxin
oxidoreductase. In some embodiments, the non-naturally
occurring microbial organism includes four exogenous
nucleic acids encoding a pyruvate:ferredoxin oxidoreduc-
tase; a phosphoenolpyruvate carboxylase or a phospho-
enolpyruvate carboxykinase, a CO dehydrogenase; and an H2
hydrogenase. In some embodiments, the non-naturally occur-
ring microbial organism includes two exogenous nucleic
acids encoding a CO dehydrogenase and an H2 hydrogenase.

In some embodiments, the non-naturally occurring micro-
bial organisms having a butadiene or crotyl alcohol pathway
further include an exogenous nucleic acid encoding an
enzyme selected from a pyruvate:ferredoxin oxidoreductase,
an aconitase, an isocitrate dehydrogenase, a succinyl-CoA
synthetase, a succinyl-CoA transferase, a fumarase, a malate
dehydrogenase, an acetate kinase, a phosphotransacetylase,
an acetyl-CoA synthetase, an NAD(P)H:ferredoxin oxi-
doreductase, and combinations thereof.

In some embodiments, the non-naturally occurring micro-
bial organism having a butadiene or crotyl alcohol pathway
further includes an exogenous nucleic acid encoding an
enzyme selected from carbon monoxide dehydrogenase,
acetyl-CoA synthase, ferredoxin, NAD(P)H:ferredoxin oxi-
doreductase and combinations thereof.

In some embodiments, the non-naturally occurring micro-
bial organism having a butadiene or crotyl alcohol pathway
utilizes a carbon feedstock selected from (1) CO, (2) CO,, (3)
CO,and H,, (4) COand H,, or (5) CO, CO,, and H,. In some
embodiments, the non-naturally occurring microbial organ-
ism having a butadiene or crotyl alcohol pathway utilizes
hydrogen for reducing equivalents. In some embodiments,
the non-naturally occurring microbial organism having a
butadiene or crotyl alcohol pathway utilizes CO for reducing
equivalents. In some embodiments, the non-naturally occur-
ring microbial organism having a butadiene or crotyl alcohol
pathway utilizes combinations of CO and hydrogen for
reducing equivalents.

In some embodiments, the non-naturally occurring micro-
bial organism having a butadiene or crotyl alcohol pathway
further includes one or more nucleic acids encoding an
enzyme selected from a phosphoenolpyruvate carboxylase, a
phosphoenolpyruvate carboxykinase, a pyruvate carboxy-
lase, and a malic enzyme.

In some embodiments, the non-naturally occurring micro-
bial organism having a butadiene or crotyl alcohol pathway
further includes one or more nucleic acids encoding an



US 9,169,486 B2

21

enzyme selected from a malate dehydrogenase, a fumarase, a
fumarate reductase, a succinyl-CoA synthetase, and a succi-
nyl-CoA transferase.

In some embodiments, the non-naturally occurring micro-
bial organism having a butadiene or crotyl alcohol pathway
further includes at least one exogenous nucleic acid encoding
a citrate lyase, an ATP-citrate lyase, a citryl-CoA synthetase,
acitryl-CoA lyase, an aconitase, an isocitrate dehydrogenase,
a succinyl-CoA synthetase, a succinyl-CoA transferase, a
fumarase, a malate dehydrogenase, an acetate kinase, a phos-
photransacetylase, an acetyl-CoA synthetase, and a ferre-
doxin.

It is understood by those skilled in the art that the above-
described pathways for increasing product yield can be com-
bined with any of the pathways disclosed herein, including
those pathways depicted in the figures. One skilled in the art
will understand that, depending on the pathway to a desired
product and the precursors and intermediates of that pathway,
a particular pathway for improving product yield, as dis-
cussed herein above and in the examples, or combination of
such pathways, can be used in combination with a pathway to
a desired product to increase the yield of that product or a
pathway intermediate.

In one embodiment, the invention provides a non-naturally
occurring microbial organism, comprising a microbial organ-
ism having a butadiene pathway comprising at least one exog-
enous nucleic acid encoding a butadiene pathway enzyme
expressed in a sufficient amount to produce butadiene. Such a
microbial organism can further comprise (a) a reductive TCA
pathway comprising at least one exogenous nucleic acid
encoding a reductive TCA pathway enzyme, wherein the at
least one exogenous nucleic acid is selected from an ATP-
citrate lyase, a citrate lyase, a citryl-CoA synthetase, a citryl-
CoA lyase, a fumarate reductase, and an alpha-ketoglutarate:
ferredoxin oxidoreductase; (b) a reductive TCA pathway
comprising at least one exogenous nucleic acid encoding a
reductive TCA pathway enzyme, wherein the at least one
exogenous nucleic acid is selected from a pyruvate:ferre-
doxin oxidoreductase, a phosphoenolpyruvate carboxylase, a
phosphoenolpyruvate carboxykinase, a CO dehydrogenase,
and an H, hydrogenase; or (c) at least one exogenous nucleic
acid encodes an enzyme selected from a CO dehydrogenase,
an H, hydrogenase, and combinations thereof. In such a
microbial organism, a butadiene pathway can comprise a
butadiene pathway disclosed herein. For example, the buta-
dien pathway can be selected from: (i) an acetyl-CoA:acetyl-
CoA acyltransferase, an acetoacetyl-CoA reductase, a 3-hy-
droxybutyryl-CoA dehydratase, a crotonyl-CoA reductase
(aldehyde forming), a crotonaldehyde reductase (alcohol
forming), a crotyl alcohol kinase, a 2-butenyl-4-phosphate
kinase and a butadiene synthase; (ii) an acetyl-CoA:acetyl-
CoA acyltransferase, an acetoacetyl-CoA reductase, a 3-hy-
droxybutyryl-CoA dehydratase, a crotyl alcohol kinase, a
2-butenyl-4-phosphate kinase, a butadiene synthase and
crotonyl-CoA reductase (alcohol forming); (iii) an acetyl-
CoA:acetyl-CoA acyltransferase, an acetoacetyl-CoA reduc-
tase, a 3-hydroxybutyryl-CoA dehydratase, a butadiene syn-
thase, a crotonyl-CoA reductase (alcohol forming) and a
crotyl alcohol diphosphokinase; (iv) an acetyl-CoA:acetyl-
CoA acyltransferase, an acetoacetyl-CoA reductase, a 3-hy-
droxybutyryl-CoA dehydratase, a crotonaldehyde reductase
(alcohol forming), a crotyl alcohol kinase, a 2-butenyl-4-
phosphate kinase, a butadiene synthase, a crotonyl-CoA
hydrolase, synthetase or transferase and a crotonate reduc-
tase; (v) an acetyl-CoA:acetyl-CoA acyltransferase, an
acetoacetyl-CoA reductase, a 3-hydroxybutyryl-CoA dehy-
dratase, a crotonaldehyde reductase (alcohol forming), a
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butadiene synthase, a crotonyl-CoA hydrolase, synthetase or
transferase, a crotonate reductase and a crotyl alcohol diphos-
phokinase; (vi) an acetyl-CoA:acetyl-CoA acyltransferase,
an acetoacetyl-CoA reductase, a 3-hydroxybutyryl-CoA
dehydratase, a crotonyl-CoA reductase (aldehyde forming), a
crotonaldehyde reductase (alcohol forming), a butadiene syn-
thase and a crotyl alcohol diphosphokinase. (vii) a glutaco-
nyl-CoA decarboxylase, a crotonyl-CoA reductase (aldehyde
forming), a crotonaldehyde reductase (alcohol forming), a
crotyl alcohol kinase, a 2-butenyl-4-phosphate kinase and a
butadiene synthase. (viii) a glutaconyl-CoA decarboxylase, a
crotyl alcohol kinase, a 2-butenyl-4-phosphate kinase, a buta-
diene synthase and crotonyl-CoA reductase (alcohol form-
ing); (ix) a glutaconyl-CoA decarboxylase, a butadiene syn-
thase, a crotonyl-CoA reductase (alcohol forming) and a
crotyl alcohol diphosphokinase; (x) a glutaconyl-CoA decar-
boxylase, a crotonaldehyde reductase (alcohol forming), a
crotyl alcohol kinase, a 2-butenyl-4-phosphate kinase, a buta-
diene synthase, a crotonyl-CoA hydrolase, synthetase, or
transferase and a crotonate reductase; (xi) a glutaconyl-CoA
decarboxylase, a crotonaldehyde reductase (alcohol form-
ing), a butadiene synthase, a crotonyl-CoA hydrolase, syn-
thetase or transferase, a crotonate reductase and a crotyl alco-
hol diphosphokinase; (xii) a 3-hydroxybutyryl-CoA
dehydratase, a crotonyl-CoA reductase (aldehyde forming), a
crotonaldehyde reductase (alcohol forming), a butadiene a
glutaconyl-CoA decarboxylase and a crotyl alcohol diphos-
phokinase; (xiii) a glutaryl-CoA dehydrogenase, a crotonyl-
CoA reductase (aldehyde forming), a crotonaldehyde reduc-
tase (alcohol forming), a crotyl alcohol kinase, a 2-butenyl-
4-phosphate kinase and a butadiene synthase; (xiv) a glutaryl-
CoA dehydrogenase, a crotyl alcohol kinase, a 2-butenyl-4-
phosphate kinase, a butadiene synthase and crotonyl-CoA
reductase (alcohol forming); (xv) a glutaryl-CoA dehydroge-
nase, a butadiene synthase, a crotonyl-CoA reductase (alco-
hol forming) and a crotyl alcohol diphosphokinase; (xvi) a
glutaryl-CoA dehydrogenase, a crotonaldehyde reductase
(alcohol forming), a crotyl alcohol kinase, a 2-butenyl-4-
phosphate kinase, a butadiene synthase, a crotonyl-CoA
hydrolase, synthetase, or transferase and a crotonate reduc-
tase; (xvii) a glutaryl-CoA dehydrogenase, a crotonaldehyde
reductase (alcohol forming), a butadiene synthase, a croto-
nyl-CoA hydrolase, synthetase or transferase, a crotonate
reductase and a crotyl alcohol diphosphokinase; (xviii) a
3-hydroxybutyryl-CoA dehydratase, a crotonyl-CoA reduc-
tase (aldehyde forming), a crotonaldehyde reductase (alcohol
forming), a butadiene synthase, a glutaryl-CoA dehydroge-
nase and a crotyl alcohol diphosphokinase; (xix) an 3-ami-
nobutyryl-CoA deaminase, a crotonyl-CoA reductase (alde-
hyde forming), a crotonaldehyde reductase (alcohol
forming), a crotyl alcohol kinase, a 2-butenyl-4-phosphate
kinase and a butadiene synthase; (xx) an 3-aminobutyryl-
CoA deaminase, a crotyl alcohol kinase, a 2-butenyl-4-phos-
phate kinase, a butadiene synthase and crotonyl-CoA reduc-
tase (alcohol forming); (xxi) an 3-aminobutyryl-CoA
deaminase, a butadiene synthase, a crotonyl-CoA reductase
(alcohol forming) and a crotyl alcohol diphosphokinase;
(xxii) an 3-aminobutyryl-CoA deaminase, a crotonaldehyde
reductase (alcohol forming), a crotyl alcohol kinase, a 2-bute-
nyl-4-phosphate kinase, a butadiene synthase, a crotonyl-
CoA hydrolase, synthetase or transferase and a crotonate
reductase; (xxiii) an 3-aminobutyryl-CoA deaminase, a cro-
tonaldehyde reductase (alcohol forming), a butadiene syn-
thase, a crotonyl-CoA hydrolase, synthetase or transferase, a
crotonate reductase and a crotyl alcohol diphosphokinase;
(xxiv) a 3-hydroxybutyryl-CoA dehydratase, a crotonyl-CoA
reductase (aldehyde forming), a crotonaldehyde reductase
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(alcohol forming), a butadiene synthase, a 3-aminobutyryl-
CoA deaminase and a crotyl alcohol diphosphokinase; (xxv)
a4-hydroxybutyryl-CoA dehydratase, a crotonyl-CoA reduc-
tase (aldehyde forming), a crotonaldehyde reductase (alcohol
forming), a crotyl alcohol kinase, a 2-butenyl-4-phosphate
kinase and a butadiene synthase; (xxvi) a 4-hydroxybutyryl-
CoA dehydratase, a crotyl alcohol kinase, a 2-butenyl-4-
phosphate kinase, a butadiene synthase and crotonyl-CoA
reductase (alcohol forming); (xxvii) a 4-hydroxybutyryl-
CoA dehydratase, a butadiene synthase, a crotonyl-CoA
reductase (alcohol forming) and a crotyl alcohol diphospho-
kinase; (xxviii) a 4-hydroxybutyryl-CoA dehydratase, a cro-
tonaldehyde reductase (alcohol forming), a crotyl alcohol
kinase, a 2-butenyl-4-phosphate kinase, a butadiene synthase,
a crotonyl-CoA hydrolase, synthetase or transferase and a
crotonate reductase; (xxix) a 4-hydroxybutyryl-CoA dehy-
dratase, a crotonaldehyde reductase (alcohol forming), a
butadiene synthase, a crotonyl-CoA hydrolase, synthetase or
transferase, a crotonate reductase and a crotyl alcohol diphos-
phokinase; (xxx) a 3-hydroxybutyryl-CoA dehydratase, a
crotonyl-CoA reductase (aldehyde forming), a crotonalde-
hyde reductase (alcohol forming), a butadiene synthase, a
4-hydroxybutyryl-CoA dehydratase and a crotyl alcohol
diphosphokinase; (xxxi) an erythrose-4-phosphate reductase,
an erythritol-4-phospate cytidylyltransferase, a 4-(cytidine
5'-diphospho)-erythritol kinase, an erythritol 2.4-cyclo-
diphosphate synthase, a 1-hydroxy-2-butenyl 4-diphosphate
synthase, a 1-hydroxy-2-butenyl 4-diphosphate reductase
and a butadiene synthase; (xxxii) an erythrose-4-phosphate
reductase, an erythritol-4-phospate cytidylyltransferase, a
4-(cytidine 5'-diphospho)-erythritol kinase, an erythritol 2,4-
cyclodiphosphate synthase, a 1-hydroxy-2-butenyl 4-diphos-
phate synthase, a 1-hydroxy-2-butenyl 4-diphosphate reduc-
tase, a butenyl 4-diphosphate isomerase and a butadiene
synthase; (xxxiii) an erythritol-4-phospate cytidylyltrans-
ferase, a 4-(cytidine 5'-diphospho)-erythritol kinase, an
erythritol 2,4-cyclodiphosphate synthase, a 1-hydroxy-2-
butenyl 4-diphosphate synthase, a 1-hydroxy-2-butenyl
4-diphosphate reductase, a butadiene synthase, an erythrose-
4-phosphate kinase, an erythrose reductase and a erythritol
kinase; (xxxiv) an erythritol-4-phospate cytidylyltransferase,
a 4-(cytidine 5'-diphospho)-erythritol kinase, an erythritol
2,4-cyclodiphosphate synthase, a 1-hydroxy-2-butenyl
4-diphosphate synthase, a 1-hydroxy-2-butenyl 4-diphos-
phate reductase, a butenyl 4-diphosphate isomerase, a buta-
diene synthase, an erythrose-4-phosphate kinase, an eryth-
rose reductase and an erythritol kinase; (xxxv) a malonyl-
CoA:acetyl-CoA acyltransferase, an 3-oxoglutaryl-CoA
reductase (ketone-reducing), a 3-hydroxyglutaryl-CoA
reductase (aldehyde forming), a 3-hydroxy-5-oxopentanoate
reductase, a 3,5-dihydroxypentanoate kinase, a 3-hydroxy-5-
phosphonatooxypentanoate kinase, a 3-hydroxy-5-[hydroxy
(phosphonooxy)phosphoryl]oxy pentanoate decarboxylase,
a butenyl 4-diphosphate isomerase and a butadiene synthase;
(xxxvi) a malonyl-CoA:acetyl-CoA acyltransferase, a 3,5-
dihydroxypentanoate kinase, a 3-hydroxy-5-phospho-
natooxypentanoate  kinase, a  3-hydroxy-5-[hydroxy
(phosphonooxy)phosphoryl]oxy pentanoate decarboxylase,
a butenyl 4-diphosphate isomerase, a butadiene synthase, an
3-oxoglutaryl-CoA reductase (aldehyde forming), a 3,5-di-
oxopentanoate reductase (aldehyde reducing) and a 5-hy-
droxy-3-oxopentanoate reductase; (xxxvii) a malonyl-CoA:
acetyl-CoA acyltransferase, a 3-hydroxy-5-oxopentanoate
reductase, a 3,5-dihydroxypentanoate kinase, a 3-Hydroxy-
5-phosphonatooxypentanoate kinase, a 3-Hydroxy-5-[hy-
droxy(phosphonooxy )phosphorylloxy pentanoate decar-
boxylase, a butenyl 4-diphosphate isomerase, a butadiene
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synthase, an 3-oxoglutaryl-CoA reductase (aldehyde form-
ing) and a 3,5-dioxopentanoate reductase (ketone reducing);
(xxxviii) a malonyl-CoA:acetyl-CoA acyltransferase, a 3,5-
dihydroxypentanoate kinase, a 3-hydroxy-5-phospho-
natooxypentanoate  kinase, a  3-hydroxy-5-[hydroxy
(phosphonooxy)phosphoryl]oxy pentanoate decarboxylase,
a butenyl 4-diphosphate isomerase, a butadiene synthase, a
5-hydroxy-3-oxopentanoate reductase and a 3-oxo-glutaryl-
CoA reductase (CoA reducing and alcohol forming); and
(xxxix) a butadiene pathway comprising a malonyl-CoA:
acetyl-CoA acyltransferase, an 3-oxoglutaryl-CoA reductase
(ketone-reducing), a 3,5-dihydroxypentanoate kinase, a
3-hydroxy-5-phosphonatooxypentanoate kinase, a 3-hy-
droxy-5-[hydroxy(phosphonooxy)phosphoryljoxy pen-
tanoate decarboxylase, a butenyl 4-diphosphate isomerase, a
butadiene synthase and a 3-hydroxyglutaryl-CoA reductase
(alcohol forming).

In such microbial organisms of the invention, a microbial
organism comprising (a) can further comprise an exogenous
nucleic acid encoding an enzyme selected from a pyruvate:
ferredoxin oxidoreductase, an aconitase, an isocitrate dehy-
drogenase, a succinyl-CoA synthetase, a succinyl-CoA trans-
ferase, a fumarase, a malate dehydrogenase, an acetate
kinase, a phosphotransacetylase, an acetyl-CoA synthetase,
an NAD(P)H:ferredoxin oxidoreductase, ferredoxin, and
combinations thereof. Inaddition, a microbial organism com-
prising (b) can further comprise an exogenous nucleic acid
encoding an enzyme selected from an aconitase, an isocitrate
dehydrogenase, a succinyl-CoA synthetase, a succinyl-CoA
transferase, a fumarase, a malate dehydrogenase, and combi-
nations thereof.

In a particular embodiment, such a microbial organism can
comprise two, three, four, five, six or seven exogenous nucleic
acids each encoding a butadiene pathway enzyme. For
example, such a microbial organism can comprise exogenous
nucleic acids encoding each of the enzymes selected from: (i)
an acetyl-CoA:acetyl-CoA acyltransferase, an acetoacetyl-
CoA reductase, a 3-hydroxybutyryl-CoA dehydratase, a
crotonyl-CoA reductase (aldehyde forming), a crotonalde-
hyde reductase (alcohol forming), a crotyl alcohol kinase, a
2-butenyl-4-phosphate kinase and a butadiene synthase; (ii)
an acetyl-CoA:acetyl-CoA acyltransferase, an acetoacetyl-
CoA reductase, a 3-hydroxybutyryl-CoA dehydratase, a cro-
tyl alcohol kinase, a 2-butenyl-4-phosphate kinase, a butadi-
ene synthase and crotonyl-CoA reductase (alcohol forming);
(iii) an acetyl-CoA:acetyl-CoA  acyltransferase, an
acetoacetyl-CoA reductase, a 3-hydroxybutyryl-CoA dehy-
dratase, a butadiene synthase, a crotonyl-CoA reductase (al-
cohol forming) and a crotyl alcohol diphosphokinase; (iv) an
acetyl-CoA:acetyl-CoA acyltransferase, an acetoacetyl-CoA
reductase, a 3-hydroxybutyryl-CoA dehydratase, a crotonal-
dehyde reductase (alcohol forming), a crotyl alcohol kinase,
a 2-butenyl-4-phosphate kinase, a butadiene synthase, a
crotonyl-CoA hydrolase, synthetase or transferase and a cro-
tonate reductase; (v) an acetyl-CoA:acetyl-CoA acyltrans-
ferase, an acetoacetyl-CoA reductase, a 3-hydroxybutyryl-
CoA dehydratase, a crotonaldehyde reductase (alcohol
forming), a butadiene synthase, a crotonyl-CoA hydrolase,
synthetase or transferase, a crotonate reductase and a crotyl
alcohol diphosphokinase; (vi) an acetyl-CoA:acetyl-CoA
acyltransferase, an acetoacetyl-CoA reductase, a 3-hydroxy-
butyryl-CoA dehydratase, a crotonyl-CoA reductase (alde-
hyde forming), a crotonaldehyde reductase (alcohol form-
ing), a butadiene synthase and a crotyl alcohol
diphosphokinase; (vii) a glutaconyl-CoA decarboxylase, a
crotonyl-CoA reductase (aldehyde forming), a crotonalde-
hyde reductase (alcohol forming), a crotyl alcohol kinase, a
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2-butenyl-4-phosphate kinase and a butadiene synthase; (viii)
a glutaconyl-CoA decarboxylase, a crotyl alcohol kinase, a
2-butenyl-4-phosphate kinase, a butadiene synthase and
crotonyl-CoA reductase (alcohol forming); (ix) a glutaconyl-
CoA decarboxylase, a butadiene synthase, a crotonyl-CoA
reductase (alcohol forming) and a crotyl alcohol diphospho-
kinase; (x) a glutaconyl-CoA decarboxylase, a crotonalde-
hyde reductase (alcohol forming), a crotyl alcohol kinase, a
2-butenyl-4-phosphate kinase, a butadiene synthase, a croto-
nyl-CoA hydrolase, synthetase, or transferase and a crotonate
reductase; (xi) a glutaconyl-CoA decarboxylase, a crotonal-
dehyde reductase (alcohol forming), a butadiene synthase, a
crotonyl-CoA hydrolase, synthetase or transtferase, a croto-
nate reductase and a crotyl alcohol diphosphokinase; (xii) a
3-hydroxybutyryl-CoA dehydratase, a crotonyl-CoA reduc-
tase (aldehyde forming), a crotonaldehyde reductase (alcohol
forming), a butadiene a glutaconyl-CoA decarboxylase and a
crotyl alcohol diphosphokinase; (xiii) a glutaryl-CoA dehy-
drogenase, a crotonyl-CoA reductase (aldehyde forming), a
crotonaldehyde reductase (alcohol forming), a crotyl alcohol
kinase, a 2-butenyl-4-phosphate kinase and a butadiene syn-
thase; (xiv) a glutaryl-CoA dehydrogenase, a crotyl alcohol
kinase, a 2-butenyl-4-phosphate kinase, a butadiene synthase
and crotonyl-CoA reductase (alcohol forming); (xv) a glu-
taryl-CoA dehydrogenase, a butadiene synthase, a crotonyl-
CoA reductase (alcohol forming) and a crotyl alcohol diphos-
phokinase; (xvi) a glutaryl-CoA dehydrogenase, a
crotonaldehyde reductase (alcohol forming), a crotyl alcohol
kinase, a 2-butenyl-4-phosphate kinase, a butadiene synthase,
a crotonyl-CoA hydrolase, synthetase, or transferase and a
crotonate reductase; (xvii) a glutaryl-CoA dehydrogenase, a
crotonaldehyde reductase (alcohol forming), a butadiene syn-
thase, a crotonyl-CoA hydrolase, synthetase or transferase, a
crotonate reductase and a crotyl alcohol diphosphokinase;
(xviii) a 3-hydroxybutyryl-CoA dehydratase, a crotonyl-CoA
reductase (aldehyde forming), a crotonaldehyde reductase
(alcohol forming), a butadiene synthase, a glutaryl-CoA
dehydrogenase and a crotyl alcohol diphosphokinase; (xix)
an 3-aminobutyryl-CoA deaminase, a crotonyl-CoA reduc-
tase (aldehyde forming), a crotonaldehyde reductase (alcohol
forming), a crotyl alcohol kinase, a 2-butenyl-4-phosphate
kinase and a butadiene synthase; (xx) an 3-aminobutyryl-
CoA deaminase, a crotyl alcohol kinase, a 2-butenyl-4-phos-
phate kinase, a butadiene synthase and crotonyl-CoA reduc-
tase (alcohol forming); (xxi) an 3-aminobutyryl-CoA
deaminase, a butadiene synthase, a crotonyl-CoA reductase
(alcohol forming) and a crotyl alcohol diphosphokinase;
(xxii) an 3-aminobutyryl-CoA deaminase, a crotonaldehyde
reductase (alcohol forming), a crotyl alcohol kinase, a 2-bute-
nyl-4-phosphate kinase, a butadiene synthase, a crotonyl-
CoA hydrolase, synthetase or transferase and a crotonate
reductase; (xxiii) an 3-aminobutyryl-CoA deaminase, a cro-
tonaldehyde reductase (alcohol forming), a butadiene syn-
thase, a crotonyl-CoA hydrolase, synthetase or transferase, a
crotonate reductase and a crotyl alcohol diphosphokinase;
(xxiv) a 3-hydroxybutyryl-CoA dehydratase, a crotonyl-CoA
reductase (aldehyde forming), a crotonaldehyde reductase
(alcohol forming), a butadiene synthase, a 3-aminobutyryl-
CoA deaminase and a crotyl alcohol diphosphokinase; (xxv)
a4-hydroxybutyryl-CoA dehydratase, a crotonyl-CoA reduc-
tase (aldehyde forming), a crotonaldehyde reductase (alcohol
forming), a crotyl alcohol kinase, a 2-butenyl-4-phosphate
kinase and a butadiene synthase; (xxvi) a 4-hydroxybutyryl-
CoA dehydratase, a crotyl alcohol kinase, a 2-butenyl-4-
phosphate kinase, a butadiene synthase and crotonyl-CoA
reductase (alcohol forming); (xxvii) a 4-hydroxybutyryl-
CoA dehydratase, a butadiene synthase, a crotonyl-CoA
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reductase (alcohol forming) and a crotyl alcohol diphospho-
kinase; (xxviii) a 4-hydroxybutyryl-CoA dehydratase, a cro-
tonaldehyde reductase (alcohol forming), a crotyl alcohol
kinase, a 2-butenyl-4-phosphate kinase, a butadiene synthase,
a crotonyl-CoA hydrolase, synthetase or transferase and a
crotonate reductase; (xxix) a 4-hydroxybutyryl-CoA dehy-
dratase, a crotonaldehyde reductase (alcohol forming), a
butadiene synthase, a crotonyl-CoA hydrolase, synthetase or
transferase, a crotonate reductase and a crotyl alcohol diphos-
phokinase; (xxx) a 3-hydroxybutyryl-CoA dehydratase, a
crotonyl-CoA reductase (aldehyde forming), a crotonalde-
hyde reductase (alcohol forming), a butadiene synthase, a
4-hydroxybutyryl-CoA dehydratase and a crotyl alcohol
diphosphokinase; (xxxi) an erythrose-4-phosphate reductase,
an erythritol-4-phospate cytidylyltransferase, a 4-(cytidine
5'-diphospho)-erythritol kinase, an erythritol 2.4-cyclo-
diphosphate synthase, a 1-hydroxy-2-butenyl 4-diphosphate
synthase, a 1-hydroxy-2-butenyl 4-diphosphate reductase
and a butadiene synthase; (xxxii) an erythrose-4-phosphate
reductase, an erythritol-4-phospate cytidylyltransferase, a
4-(cytidine 5'-diphospho)-erythritol kinase, an erythritol 2,4-
cyclodiphosphate synthase, a 1-hydroxy-2-butenyl 4-diphos-
phate synthase, a 1-hydroxy-2-butenyl 4-diphosphate reduc-
tase, a butenyl 4-diphosphate isomerase and a butadiene
synthase; (xxxiii) an erythritol-4-phospate cytidylyltrans-
ferase, a 4-(cytidine 5'-diphospho)-erythritol kinase, an
erythritol 2,4-cyclodiphosphate synthase, a 1-hydroxy-2-
butenyl 4-diphosphate synthase, a 1-hydroxy-2-butenyl
4-diphosphate reductase, a butadiene synthase, an erythrose-
4-phosphate kinase, an erythrose reductase and a erythritol
kinase; (xxxiv) an erythritol-4-phospate cytidylyltransferase,
a 4-(cytidine 5'-diphospho)-erythritol kinase, an erythritol
2,4-cyclodiphosphate synthase, a 1-hydroxy-2-butenyl
4-diphosphate synthase, a 1-hydroxy-2-butenyl 4-diphos-
phate reductase, a butenyl 4-diphosphate isomerase, a buta-
diene synthase, an erythrose-4-phosphate kinase, an eryth-
rose reductase and an erythritol kinase; (xxxv) a malonyl-
CoA:acetyl-CoA acyltransferase, an 3-oxoglutaryl-CoA
reductase (ketone-reducing), a 3-hydroxyglutaryl-CoA
reductase (aldehyde forming), a 3-hydroxy-5-oxopentanoate
reductase, a 3,5-dihydroxypentanoate kinase, a 3-hydroxy-5-
phosphonatooxypentanoate kinase, a 3-hydroxy-5-[hydroxy
(phosphonooxy)phosphoryl]oxy pentanoate decarboxylase,
a butenyl 4-diphosphate isomerase and a butadiene synthase;
(xxxvi) a malonyl-CoA:acetyl-CoA acyltransferase, a 3,5-
dihydroxypentanoate kinase, a 3-hydroxy-5-phospho-
natooxypentanoate  kinase, a  3-hydroxy-5-[hydroxy
(phosphonooxy)phosphoryl]oxy pentanoate decarboxylase,
a butenyl 4-diphosphate isomerase, a butadiene synthase, an
3-oxoglutaryl-CoA reductase (aldehyde forming), a 3,5-di-
oxopentanoate reductase (aldehyde reducing) and a 5-hy-
droxy-3-oxopentanoate reductase; (xxxvii) a malonyl-CoA:
acetyl-CoA acyltransferase, a 3-hydroxy-5-oxopentanoate
reductase, a 3,5-dihydroxypentanoate kinase, a 3-Hydroxy-
5-phosphonatooxypentanoate kinase, a 3-Hydroxy-5-[hy-
droxy(phosphonooxy )phosphorylloxy pentanoate decar-
boxylase, a butenyl 4-diphosphate isomerase, a butadiene
synthase, an 3-oxoglutaryl-CoA reductase (aldehyde form-
ing) and a 3,5-dioxopentanoate reductase (ketone reducing);
(xxxviii) a malonyl-CoA:acetyl-CoA acyltransferase, a 3,5-
dihydroxypentanoate kinase, a 3-hydroxy-5-phospho-
natooxypentanoate  kinase, a  3-hydroxy-5-[hydroxy
(phosphonooxy)phosphoryl]oxy pentanoate decarboxylase,
a butenyl 4-diphosphate isomerase, a butadiene synthase, a
5-hydroxy-3-oxopentanoate reductase and a 3-oxo-glutaryl-
CoA reductase (CoA reducing and alcohol forming); and
(xxxix) a butadiene pathway comprising a malonyl-CoA:
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acetyl-CoA acyltransferase, an 3-oxoglutaryl-CoA reductase
(ketone-reducing), a 3,5-dihydroxypentanoate kinase, a
3-hydroxy-5-phosphonatooxypentanoate kinase, a 3-hy-
droxy-5-[hydroxy(phosphonooxy )phosphorylJoxy pen-
tanoate decarboxylase, a butenyl 4-diphosphate isomerase, a
butadiene synthase and a 3-hydroxyglutaryl-CoA reductase
(alcohol forming).

Such microbial organisms of the invention can comprise
two, three, four or five exogenous nucleic acids each encod-
ing enzymes of (a), (b) or (c). For example, a microbial
organism comprising (a) can comprise three exogenous
nucleic acids encoding ATP-citrate lyase or citrate lyase, a
fumarate reductase, and an alpha-ketoglutarate:ferredoxin
oxidoreductase; a microbial organism comprising (b) can
comprise four exogenous nucleic acids encoding pyruvate:
ferredoxin oxidoreductase, a phosphoenolpyruvate carboxy-
lase or a phosphoenolpyruvate carboxykinase, a CO dehydro-
genase, and an H2 hydrogenase; or a microbial organism
comprising (c) can comprise two exogenous nucleic acids
encoding CO dehydrogenase and H2 hydrogenase. The
invention further provides methods for producing butadiene
by culturing such non-naturally occurring microbial organ-
isms under conditions and for a sufficient period of time to
produce butadiene.

The invention additionally provides a non-naturally occur-
ring microbial organism, comprising a microbial organism
having a crotyl alcohol pathway comprising at least one exog-
enous nucleic acid encoding a crotyl alcohol pathway enzyme
expressed in a sufficient amount to produce crotyl alcohol.
Such a microbial organism can further comprise (a) a reduc-
tive TCA pathway comprising at least one exogenous nucleic
acid encoding a reductive TCA pathway enzyme, wherein the
at least one exogenous nucleic acid is selected from an ATP-
citrate lyase, a citrate lyase, a citryl-CoA synthetase, a citryl-
CoA lyase, a fumarate reductase, and an alpha-ketoglutarate:
ferredoxin oxidoreductase; (b) a reductive TCA pathway
comprising at least one exogenous nucleic acid encoding a
reductive TCA pathway enzyme, wherein the at least one
exogenous nucleic acid is selected from a pyruvate:ferre-
doxin oxidoreductase, a phosphoenolpyruvate carboxylase, a
phosphoenolpyruvate carboxykinase, a CO dehydrogenase,
and an H, hydrogenase; or (c) at least one exogenous nucleic
acid encodes an enzyme selected from a CO dehydrogenase,
an H, hydrogenase, and combinations thereof.

In such a microbial organism, the crotyl alcohol pathway
can be selected from any of those disclosed herein and in the
figures. For example, the crtoyl alcohol pathway can be
selected from (i) an acetyl-CoA:acetyl-CoA acyltransferase;
an acetoacetyl-CoA reductase; a 3-hydroxybutyryl-CoA
dehydratase; a crotonyl-CoA hydrolase, synthase, or trans-
ferase; a crotonate reductase; and a crotonaldehyde reductase
(alcohol forming); (ii) an acetyl-CoA:acetyl-CoA acyltrans-
ferase; an acetoacetyl-CoA reductase; a 3-hydroxybutyryl-
CoA dehydratase; a crotonyl-CoA reductase (aldehyde form-
ing); and a crotonaldehyde reductase (alcohol forming); (iii)
an acetyl-CoA:acetyl-CoA acyltransferase; an acetoacetyl-
CoA reductase; a 3-hydroxybutyryl-CoA dehydratase; and a
crotonyl-CoA reductase (alcohol forming); (iv) a glutaconyl-
CoA decarboxylase; a crotonyl-CoA hydrolase, synthase, or
transferase; a crotonate reductase; and a crotonaldehyde
reductase (alcohol forming); (v) a glutaconyl-CoA decar-
boxylase; a crotonyl-CoA reductase (aldehyde forming); and
a crotonaldehyde reductase (alcohol forming); and (vi) a
glutaconyl-CoA decarboxylase; and a crotonyl-CoA reduc-
tase (alcohol forming). (vii) a glutaryl-CoA dehydrogenase; a
crotonyl-CoA hydrolase, synthase, or transferase; a crotonate
reductase; and a crotonaldehyde reductase (alcohol forming);
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(viii) a glutaryl-CoA dehydrogenase; a crotonyl-CoA reduc-
tase (aldehyde forming); and a crotonaldehyde reductase (al-
cohol forming); (ix) a glutaryl-CoA dehydrogenase; and a
crotonyl-CoA reductase (alcohol forming); (x) a 3-aminobu-
tyryl-CoA deaminase; a crotonyl-CoA hydrolase, synthase,
or transferase; a crotonate reductase; and a crotonaldehyde
reductase (alcohol forming); (xi) a 3-aminobutyryl-CoA
deaminase; a crotonyl-CoA reductase (aldehyde forming);
and a crotonaldehyde reductase (alcohol forming); (xii) a
3-aminobutyryl-CoA deaminase; and a crotonyl-CoA reduc-
tase (alcohol forming); (xiii) a 4-hydroxybutyryl-CoA dehy-
dratase; a crotonyl-CoA hydrolase, synthase, or transferase; a
crotonate reductase; and a crotonaldehyde reductase (alcohol
forming); (xiv) a 4-hydroxybutyryl-CoA dehydratase; a
crotonyl-CoA reductase (aldehyde forming); and a crotonal-
dehyde reductase (alcohol forming); and (xv) a 4-hydroxy-
butyryl-CoA dehydratase; and a crotonyl-CoA reductase (al-
cohol forming).

Such a microbial organism of the invention comprising (a)
can further comprise an exogenous nucleic acid encoding an
enzyme selected from a pyruvate:ferredoxin oxidoreductase,
an aconitase, an isocitrate dehydrogenase, a succinyl-CoA
synthetase, a succinyl-CoA transferase, a fumarase, a malate
dehydrogenase, an acetate kinase, a phosphotransacetylase,
an acetyl-CoA synthetase, an NAD(P)H:ferredoxin oxi-
doreductase, ferredoxin, and combinations thereof. Such a
microbial organism comprising (b) can further comprise an
exogenous nucleic acid encoding an enzyme selected from an
aconitase, an isocitrate dehydrogenase, a succinyl-CoA syn-
thetase, a succinyl-CoA transferase, a fumarase, a malate
dehydrogenase, and combinations thereof. Such a microbial
organism can comprise two, three, four, five, six or seven
exogenous nucleic acids each encoding a crotyl alcohol path-
way enzyme.

For example, the microbial organism can comprise exog-
enous nucleic acids encoding each of the enzymes selected
from (i) an acetyl-CoA:acetyl-CoA acyltransferase; an
acetoacetyl-CoA reductase; a 3-hydroxybutyryl-CoA dehy-
dratase; a crotonyl-CoA hydrolase, synthase, or transferase; a
crotonate reductase; and a crotonaldehyde reductase (alcohol
forming); (i) an acetyl-CoA:acetyl-CoA acyltransferase; an
acetoacetyl-CoA reductase; a 3-hydroxybutyryl-CoA dehy-
dratase; a crotonyl-CoA reductase (aldehyde forming); and a
crotonaldehyde reductase (alcohol forming); (iii) an acetyl-
CoA:acetyl-CoA acyltransferase; an acetoacetyl-CoA reduc-
tase; a 3-hydroxybutyryl-CoA dehydratase; and a crotonyl-
CoA reductase (alcohol forming); (iv) a glutaconyl-CoA
decarboxylase; a crotonyl-CoA hydrolase, synthase, or trans-
ferase; a crotonate reductase; and a crotonaldehyde reductase
(alcohol forming); (v) a glutaconyl-CoA decarboxylase; a
crotonyl-CoA reductase (aldehyde forming); and a crotonal-
dehyde reductase (alcohol forming); (vi) a glutaconyl-CoA
decarboxylase; and a crotonyl-CoA reductase (alcohol form-
ing); (vii) a glutaryl-CoA dehydrogenase; a crotonyl-CoA
hydrolase, synthase, or transferase; a crotonate reductase; and
a crotonaldehyde reductase (alcohol forming); (viii) a glu-
taryl-CoA dehydrogenase; a crotonyl-CoA reductase (alde-
hyde forming); and a crotonaldehyde reductase (alcohol
forming); (ix) a glutaryl-CoA dehydrogenase; and a crotonyl-
CoA reductase (alcohol forming); (x) a 3-aminobutyryl-CoA
deaminase; a crotonyl-CoA hydrolase, synthase, or trans-
ferase; a crotonate reductase; and a crotonaldehyde reductase
(alcohol forming); (xi) a 3-aminobutyryl-CoA deaminase; a
crotonyl-CoA reductase (aldehyde forming); and a crotonal-
dehyde reductase (alcohol forming); (xii) a 3-aminobutyryl-
CoA deaminase; and a crotonyl-CoA reductase (alcohol
forming). (xiii) a 4-hydroxybutyryl-CoA dehydratase; a
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crotonyl-CoA hydrolase, synthase, or transferase; a crotonate
reductase; and a crotonaldehyde reductase (alcohol forming);
(xiv) a 4-hydroxybutyryl-CoA dehydratase; a crotonyl-CoA
reductase (aldehyde forming); and a crotonaldehyde reduc-
tase (alcohol forming); and (xv) a 4-hydroxybutyryl-CoA
dehydratase; and a crotonyl-CoA reductase (alcohol form-
ing).

Such microbial organisms of the invention can comprise
two, three, four or five exogenous nucleic acids each encod-
ing enzymes of (a), (b) or (c). For example, a microbial
organism comprising (a) can comprise three exogenous
nucleic acids encoding ATP-citrate lyase or citrate lyase, a
fumarate reductase, and an alpha-ketoglutarate:ferredoxin
oxidoreductase; a microbial organism comprising (b) can
comprise four exogenous nucleic acids encoding pyruvate:
ferredoxin oxidoreductase, a phosphoenolpyruvate carboxy-
lase or a phosphoenolpyruvate carboxykinase, a CO dehydro-
genase, and an H, hydrogenase; or a microbial organism
comprising (c) can comprise two exogenous nucleic acids
encoding CO dehydrogenase and H2 hydrogenase. The
invention additionally provides methods for producing crotyl
acohol, comprising culturing the non-naturally occurring
microbial organism under conditions and for a sufficient
period of time to produce crotyl alcohol.

In some embodiments, the carbon feedstock and other
cellular uptake sources such as phosphate, ammonia, sulfate,
chloride and other halogens can be chosen to alter the isotopic
distribution of the atoms present in butadiene or crotyl alco-
hol or any butadiene or crotyl alcohol pathway intermediate.
The various carbon feedstock and other uptake sources enu-
merated above will be referred to herein, collectively, as
“uptake sources.” Uptake sources can provide isotopic
enrichment for any atom present in the product butadiene or
crotyl alcohol or butadiene or crotyl alcohol pathway inter-
mediate, or for side products generated in reactions diverging
away from a butadiene or crotyl alcohol pathway. Isotopic
enrichment can be achieved for any target atom including, for
example, carbon, hydrogen, oxygen, nitrogen, sulfur, phos-
phorus, chloride or other halogens.

In some embodiments, the uptake sources can be selected
to alter the carbon-12, carbon-13, and carbon-14 ratios. In
some embodiments, the uptake sources can be selected to
alter the oxygen-16, oxygen-17, and oxygen-18 ratios. In
some embodiments, the uptake sources can be selected to
alter the hydrogen, deuterium, and tritium ratios. In some
embodiments, the uptake sources can be selected to alter the
nitrogen-14 and nitrogen-15 ratios. In some embodiments,
the uptake sources can be selected to alter the sulfur-32,
sulfur-33, sulfur-34, and sulfur-35 ratios. In some embodi-
ments, the uptake sources can be selected to alter the phos-
phorus-31, phosphorus-32, and phosphorus-33 ratios. In
some embodiments, the uptake sources can be selected to
alter the chlorine-35, chlorine-36, and chlorine-37 ratios.

In some embodiments, a target isotopic ratio of an uptake
source can be obtained via synthetic chemical enrichment of
the uptake source. Such isotopically enriched uptake sources
can be purchased commercially or prepared in the laboratory.
In some embodiments, a target isotopic ratio of an uptake
source can be obtained by choice of origin of the uptake
source in nature. In some such embodiments, a source of
carbon, for example, can be selected from a fossil fuel-de-
rived carbon source, which can be relatively depleted of car-
bon-14, or an environmental carbon source, such as CO,,
which can possess a larger amount of carbon-14 than its
petroleum-derived counterpart.

Isotopic enrichment is readily assessed by mass spectrom-
etry using techniques known in the art such as Stable Isotope
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Ratio Mass Spectrometry (SIRMS) and Site-Specific Natural
Isotopic Fractionation by Nuclear Magnetic Resonance
(SNIF-NMR). Such mass spectral techniques can be inte-
grated with separation techniques such as liquid chromatog-
raphy (LC) and/or high performance liquid chromatography
(HPLC).

In some embodiments, the present invention provides buta-
diene or crotyl alcohol or a butadiene or crotyl alcohol inter-
mediate that has a carbon-12, carbon-13, and carbon-14 ratio
that reflects an atmospheric carbon uptake source. In some
such embodiments, the uptake source is CO,. In some
embodiments, the present invention provides butadiene or
crotyl alcohol or a butadiene or crotyl alcohol intermediate
that has a carbon-12, carbon-13, and carbon-14 ratio that
reflects petroleum-based carbon uptake source. In some
embodiments, the present invention provides butadiene or
crotyl alcohol or a butadiene or crotyl alcohol intermediate
that has a carbon-12, carbon-13, and carbon-14 ratio that is
obtained by a combination of an atmospheric carbon uptake
source with a petroleum-based uptake source. Such combi-
nation of uptake sources is one means by which the carbon-
12, carbon-13, and carbon-14 ratio can be varied.

The invention is described herein with general reference to
the metabolic reaction, reactant or product thereof, or with
specific reference to one or more nucleic acids or genes
encoding an enzyme associated with or catalyzing, or a pro-
tein associated with, the referenced metabolic reaction, reac-
tant or product. Unless otherwise expressly stated herein,
those skilled in the art will understand that reference to a
reaction also constitutes reference to the reactants and prod-
ucts of the reaction. Similarly, unless otherwise expressly
stated herein, reference to a reactant or product also refer-
ences the reaction, and reference to any of these metabolic
constituents also references the gene or genes encoding the
enzymes that catalyze or proteins involved in the referenced
reaction, reactant or product. Likewise, given the well known
fields of metabolic biochemistry, enzymology and genomics,
reference herein to a gene or encoding nucleic acid also
constitutes a reference to the corresponding encoded enzyme
and the reaction it catalyzes or a protein associated with the
reaction as well as the reactants and products of the reaction.

As disclosed herein, the intermediates crotonate, 3,5-di-
oxopentanoate, S5-hydroxy-3-oxopentanoate, 3-hydroxy-5-
oxopentanoate, 3-oxoglutaryl-CoA and 3-hydroxyglutaryl-
CoA, as well as other intermediates, are carboxylic acids,
which can occur in various ionized forms, including fully
protonated, partially protonated, and fully deprotonated
forms. Accordingly, the suffix “-ate,” or the acid form, can be
used interchangeably to describe both the free acid form as
well as any deprotonated form, in particular since the ionized
form is known to depend on the pH in which the compound is
found. It is understood that carboxylate products or interme-
diates includes ester forms of carboxylate products or path-
way intermediates, such as O-carboxylate and S-carboxylate
esters. O- and S-carboxylates can include lower alkyl, that is
C1to C6, branched or straight chain carboxylates. Some such
O- or S-carboxylates include, without limitation, methyl,
ethyl, n-propyl, n-butyl, i-propyl, sec-butyl, and tert-butyl,
pentyl, hexyl O- or S-carboxylates, any of which can further
possess an unsaturation, providing for example, propenyl,
butenyl, pentyl, and hexenyl O- or S-carboxylates. O-car-
boxylates can be the product of a biosynthetic pathway.
Exemplary O-carboxylates accessed via biosynthetic path-
ways can include, without limitation: methyl crotanate;
methyl-3,5-dioxopentanoate; methyl-5-hydroxy-3-oxopen-
tanoate; methyl-3-hydroxy-5-oxopentanoate; 3-oxoglutaryl-
CoA, methyl ester; 3-hydroxyglutaryl-CoA, methyl ester;
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ethyl crotanate; ethyl-3,5-dioxopentanoate; ethyl-5-hy-
droxy-3-xopentanoate; ethyl-3-hydroxy-5-oxopentanoate;
3-oxoglutaryl-CoA, ethyl ester; 3-hydroxyglutaryl-CoA,
ethyl ester; n-propyl crotanate; n-propyl-3,5-dioxopen-
tanoate; n-propyl-5-hydroxy-3-oxopentanoate; n-propyl-3-
hydroxy-5-oxopentanoate; 3-oxoglutaryl-CoA, n-propyl
ester; and 3-hydroxyglutaryl-CoA, n-propyl ester. Other bio-
synthetically accessible O-carboxylates can include medium
to long chain groups, that is C7-C22, O-carboxylate esters
derived from fatty alcohols, such heptyl, octyl, nonyl, decyl,
undecyl, lauryl, tridecyl, myristyl, pentadecyl, cetyl, palmi-
tolyl, heptadecyl, stearyl, nonadecyl, arachidyl, heneicosyl,
and behenyl alcohols, any one of which can be optionally
branched and/or contain unsaturations. O-carboxylate esters
can also be accessed via a biochemical or chemical process,
such as esterification of a free carboxylic acid product or
transesterification of an O- or S-carboxylate. S-carboxylates
are exemplified by CoA S-esters, cysteinyl S-esters, alkylth-
ioesters, and various aryl and heteroaryl thioesters.

The non-naturally occurring microbial organisms of the
invention can be produced by introducing expressible nucleic
acids encoding one or more of the enzymes or proteins par-
ticipating in one or more butadiene or crotyl alcohol biosyn-
thetic pathways. Depending on the host microbial organism
chosen for biosynthesis, nucleic acids for some or all of a
particular butadiene or crotyl alcohol biosynthetic pathway
can be expressed. For example, if a chosen host is deficient in
one or more enzymes or proteins for a desired biosynthetic
pathway, then expressible nucleic acids for the deficient
enzyme(s) or protein(s) are introduced into the host for sub-
sequent exogenous expression. Alternatively, if the chosen
host exhibits endogenous expression of some pathway genes,
but is deficient in others, then an encoding nucleic acid is
needed for the deficient enzyme(s) or protein(s) to achieve
butadiene biosynthesis. Thus, a non-naturally occurring
microbial organism of the invention can be produced by intro-
ducing exogenous enzyme or protein activities to obtain a
desired biosynthetic pathway or a desired biosynthetic path-
way can be obtained by introducing one or more exogenous
enzyme or protein activities that, together with one or more
endogenous enzymes or proteins, produces a desired product
such as butadiene.

Host microbial organisms can be selected from, and the
non-naturally occurring microbial organisms generated in,
for example, bacteria, yeast, fungus or any of a variety of
other microorganisms applicable to fermentation processes.
Exemplary bacteria include species selected from Escheri-
chia coli, Klebsiella oxytoca, Anaerobiospirillum suc-
ciniciproducens, Actinobacillus succinogenes, Mannheimia
succiniciproducens, Rhizobium etli, Bacillus subtilis,
Corynebacterium  glutamicum, Gluconobacter oxydans,
Zymomonas mobilis, Lactococcus lactis, Lactobacillus plan-
tarum, Streptomyces coelicolor, Clostridium acetobutylicum,
Pseudomonas fluorescens, and Pseudomonas putida. Exem-
plary yeasts or fungi include species selected from Saccha-
romyces cerevisiae, Schizosaccharomyces pombe, Kluyvero-
myces lactis, Kluyveromyces marxianus, Aspergillus terreus,
Aspergillus niger, Pichia pastoris, Rhizopus arrhizus, Rhizo-
bus oryzae, Yarrowia lipolytica, and the like. . coli is a
particularly useful host organism since it is a well character-
ized microbial organism suitable for genetic engineering.
Other particularly useful host organisms include yeast such as
Saccharomyces cerevisiae. It is understood that any suitable
microbial host organism can be used to introduce metabolic
and/or genetic modifications to produce a desired product.

Depending on the butadiene or crotyl alcohol biosynthetic
pathway constituents of a selected host microbial organism,
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the non-naturally occurring microbial organisms of the inven-
tion will include at least one exogenously expressed butadi-
ene or crotyl alcohol pathway-encoding nucleic acid and up to
all encoding nucleic acids for one or more butadiene or crotyl
alcohol biosynthetic pathways. For example, butadiene bio-
synthesis can be established in a host deficient in a pathway
enzyme or protein through exogenous expression of the cor-
responding encoding nucleic acid. In a host deficient in all
enzymes or proteins of a butadiene pathway, exogenous
expression of all enzyme or proteins in the pathway can be
included, although it is understood that all enzymes or pro-
teins of a pathway can be expressed even if the host contains
at least one of the pathway enzymes or proteins. For example,
exogenous expression of all enzymes or proteins in a pathway
for production of butadiene can be included, such as an
acetyl-CoA:acetyl-CoA acyltransferase, an acetoacetyl-CoA
reductase, a 3-hydroxybutyryl-CoA dehydratase, a crotonyl-
CoA reductase (aldehyde forming), a crotonaldehyde reduc-
tase (alcohol forming), a crotyl alcohol kinase, a 2-butenyl-
4-phosphate kinase and a butadiene synthase (FIG. 2, steps
A-H).

Given the teachings and guidance provided herein, those
skilled in the art will understand that the number of encoding
nucleic acids to introduce in an expressible form will, at least,
parallel the butadiene or crotyl alcohol pathway deficiencies
of the selected host microbial organism. Therefore, a non-
naturally occurring microbial organism of the invention can
have one, two, three, four, five, six, seven, eight, nine or ten,
up to all nucleic acids encoding the enzymes or proteins
constituting a butadiene or crotyl alcohol biosynthetic path-
way disclosed herein. In some embodiments, the non-natu-
rally occurring microbial organisms also can include other
genetic modifications that facilitate or optimize butadiene or
crotyl alcohol biosynthesis or that confer other useful func-
tions onto the host microbial organism. One such other func-
tionality can include, for example, augmentation of the syn-
thesis of one or more of the butadiene or crotyl alcohol
pathway precursors such as acetyl-CoA, glutaconyl-CoA,
glutaryl-CoA, 3-aminobutyryl-CoA, 4-hydroxybutyryl-
CoA, erythrose-4-phosphate or malonyl-CoA.

Generally, a host microbial organism is selected such that it
produces the precursor of a butadiene or crotyl alcohol path-
way, either as a naturally produced molecule or as an engi-
neered product that either provides de novo production of a
desired precursor or increased production of a precursor natu-
rally produced by the host microbial organism. For example,
acetyl-CoA, glutaconyl-CoA, glutaryl-CoA, 3-aminobu-
tyryl-CoA, 4-hydroxybutyryl-CoA, erythrose-4-phosphate
or malonyl-CoA are produced naturally in a host organism
such as F. coli. A host organism can be engineered to increase
production of a precursor, as disclosed herein. In addition, a
microbial organism that has been engineered to produce a
desired precursor can be used as a host organism and further
engineered to express enzymes or proteins of a butadiene or
crotyl alcohol pathway.

In some embodiments, a non-naturally occurring microbial
organism of the invention is generated from a host that con-
tains the enzymatic capability to synthesize butadiene or cro-
tyl alcohol. In this specific embodiment it can be useful to
increase the synthesis or accumulation of a butadiene or a
crotyl alcohol pathway product to, for example, drive butadi-
ene or crotyl alcohol pathway reactions toward butadiene or
crotyl alcohol production. Increased synthesis or accumula-
tion can be accomplished by, for example, overexpression of
nucleic acids encoding one or more of the above-described
butadiene or crotyl alcohol pathway enzymes or proteins.
Overexpression the enzyme or enzymes and/or protein or
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proteins of the butadiene or crotyl alcohol pathway can occur,
for example, through exogenous expression of the endog-
enous gene or genes, or through exogenous expression of the
heterologous gene or genes. Therefore, naturally occurring
organisms can be readily generated to be non-naturally occur-
ring microbial organisms of the invention, for example, pro-
ducing butadiene or crotyl alcohol, through overexpression of
one, two, three, four, five, six, seven, eight, nine, or ten, that is,
up to all nucleic acids encoding butadiene or crotyl alcohol
biosynthetic pathway enzymes or proteins. In addition, a
non-naturally occurring organism can be generated by
mutagenesis of an endogenous gene that results in an increase
in activity of an enzyme in the butadiene or crotyl alcohol
biosynthetic pathway.

In particularly useful embodiments, exogenous expression
of the encoding nucleic acids is employed. Exogenous
expression confers the ability to custom tailor the expression
and/or regulatory elements to the host and application to
achieve a desired expression level that is controlled by the
user. However, endogenous expression also can be utilized in
other embodiments such as by removing a negative regulatory
effector or induction of the gene’s promoter when linked to an
inducible promoter or other regulatory element. Thus, an
endogenous gene having a naturally occurring inducible pro-
moter can be up-regulated by providing the appropriate
inducing agent, or the regulatory region of an endogenous
gene can be engineered to incorporate an inducible regulatory
element, thereby allowing the regulation of increased expres-
sion of an endogenous gene at a desired time. Similarly, an
inducible promoter can be included as a regulatory element
for an exogenous gene introduced into a non-naturally occur-
ring microbial organism.

It is understood that, in methods of the invention, any of the
one or more exogenous nucleic acids can be introduced into a
microbial organism to produce a non-naturally occurring
microbial organism of the invention. The nucleic acids can be
introduced so as to confer, for example, a butadiene or crotyl
alcohol biosynthetic pathway onto the microbial organism.
Alternatively, encoding nucleic acids can be introduced to
produce an intermediate microbial organism having the bio-
synthetic capability to catalyze some of the required reactions
to confer butadiene or crotyl alcohol biosynthetic capability.
For example, a non-naturally occurring microbial organism
having a butadiene biosynthetic pathway can comprise at
least two exogenous nucleic acids encoding desired enzymes
or proteins, such as the combination of a crotyl alcohol kinase
and a butadiene synthase, or alternatively a 4-(cytidine
5'-diphospho)-erythritol kinase and a butadiene synthase, or
alternatively a 1-hydroxy-2-butenyl 4-diphosphate synthase
and a butadiene synthase, or alternatively a 3-hydroxy-5-
phosphonatooxypentanoate kinase and a butadiene synthase,
or alternatively a crotonyl-CoA hydrolase and a crotyl alco-
hol diphosphokinase, or alternatively an erythrose reductase
and butadiene synthase, or alternatively an 3-oxo-glutaryl-
CoA reductase (CoA reducing and alcohol forming) and
3-Hydroxy-5-[hydroxy(phosphonooxy )phosphoryljoxy
pentanoate decarboxylase, or alternative an ATP-citrate lyase
and butadiene synthase, or alternatively a pyruvate:ferre-
doxin oxidoreductase and a crotyl alcohol diphosphokinase,
or alternatively a CO dehydrogenase and a butadiene syn-
thase, and the like. Thus, it is understood that any combina-
tion of two or more enzymes or proteins of a biosynthetic
pathway can be included in a non-naturally occurring micro-
bial organism of the invention. Similarly, it is understood that
any combination of three or more enzymes or proteins of a
biosynthetic pathway can be included in a non-naturally
occurring microbial organism of the invention, for example, a
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crotyl alcohol kinase, a 2-butenyl-4-phosphate kinase and a
butadiene synthase, or alternatively a 1-hydroxy-2-butenyl
4-diphosphate synthase, a 1-hydroxy-2-butenyl 4-diphos-
phate reductase, and a butadiene synthase, or alternatively an
3-oxoglutaryl-CoA reductase, a 3-hydroxy-5-oxopentanoate
reductase, and a butadiene synthase, or alternatively an
acetyl-CoA:acetyl-CoA acyltransferase, a crotyl alcohol
kinase and a butadiene synthase, or alternatively a glutaconyl-
CoA decarboxylase, a crotonyl-CoA reductase (alcohol
forming), and a crotyl alcohol diphosphokinase, or alterna-
tively a an erythrose-4-phosphate kinase, a 4-(cytidine
5'-diphospho)-erythritol kinase and a 1-hydroxy-2-butenyl
4-diphosphate synthase, or alternatively a 3,5-dioxopen-
tanoate reductase (aldehyde reducing), a butenyl 4-diphos-
phate isomerase, and a butadiene synthase, or alternatively a
citrate lyase, a fumarate reductase, and a butadiene synthase,
or alternatively a phosphoenolpyruvate carboxylase, a CO
dehydrogenase, and a butadiene synthase, or alternatively an
alpha-ketoglutarate: ferredoxin oxidoreductase, an H2 hydro-
genase, and a crotyl alcohol diphosphokinase, and so forth, as
desired, so long as the combination of enzymes and/or pro-
teins of the desired biosynthetic pathway results in produc-
tion of the corresponding desired product. Similarly, any
combination of four, such as a crotonaldehyde reductase (al-
cohol forming), a crotyl alcohol kinase, a 2-butenyl-4-phos-
phate kinase and a butadiene synthase, or alternatively a 1-hy-
droxy-2-butenyl 4-diphosphate synthase, a 1-hydroxy-2-
butenyl 4-diphosphate reductase, a butenyl 4-diphosphate
isomerase and butadiene synthase, or alternatively a 3-hy-
droxy-5-phosphonatooxypentanoate kinase, a 3-hydroxy-5-
[hydroxy(phosphonooxy )phosphoryl]oxy pentanoate kinase,
a butenyl 4-diphosphate isomerase and a butadiene synthase,
oralternatively an erythrose-4-phosphate reductase, an eryth-
ritol-4-phospate cytidylyltransferase, a 4-(cytidine 5'-diphos-
pho)-erythritol kinase and a butadiene synthase, or alterna-
tively an 3-aminobutyryl-CoA deaminase, a crotonyl-CoA
reductase (alcohol forming), a crotyl alcohol diphosphoki-
nase and a butadiene synthase, or alternatively an erythrose
reductase, a 4-(cytidine 5'-diphospho)-erythritol kinase, an
erythritol 2,4-cyclodiphosphate synthase and a 1-hydroxy-2-
butenyl 4-diphosphate reductase, or alternatively a malonyl-
CoA:acetyl-CoA acyltransferase, a 3-hydroxyglutaryl-CoA
reductase (alcohol forming), a butenyl 4-diphosphate
isomerase and a butadiene synthase, or alternatively citrate
lyase, a fumarate reductase, an alpha-ketoglutarate:ferre-
doxin oxidoreductase, and a butadiene synthase, or alterna-
tively a phosphoenolpyruvate carboxykinase, a CO dehydro-
genase, an H2 hydrogenase and a crotyl alcohol
diphosphokinase, or alternatively a pyruvate:ferredoxin oxi-
doreductase, a phosphoenolpyruvate carboxylase, a phospho-
enolpyruvate carboxykinase, and a glutaconyl-CoA decar-
boxylase, or more enzymes or proteins of a biosynthetic
pathway as disclosed herein can be included in a non-natu-
rally occurring microbial organism of the invention, as
desired, so long as the combination of enzymes and/or pro-
teins of the desired biosynthetic pathway results in produc-
tion of the corresponding desired product.

In addition to the biosynthesis of butadiene or crotyl alco-
hol as described herein, the non-naturally occurring micro-
bial organisms and methods of the invention also can be
utilized in various combinations with each other and with
other microbial organisms and methods well known in the art
to achieve product biosynthesis by other routes. For example,
one alternative to produce butadiene other than use of the
butadiene producers is through addition of another microbial
organism capable of converting a butadiene pathway inter-
mediate to butadiene. One such procedure includes, for
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example, the fermentation of a microbial organism that pro-
duces a butadiene pathway intermediate. The butadiene path-
way intermediate can then be used as a substrate for a second
microbial organism that converts the butadiene pathway
intermediate to butadiene. The butadiene pathway intermedi-
ate can be added directly to another culture of the second
organism or the original culture of the butadiene pathway
intermediate producers can be depleted of these microbial
organisms by, for example, cell separation, and then subse-
quent addition of the second organism to the fermentation
broth can be utilized to produce the final product without
intermediate purification steps.

In other embodiments, the non-naturally occurring micro-
bial organisms and methods of the invention can be
assembled in a wide variety of subpathways to achieve bio-
synthesis of, for example, butadiene or crotyl alcohol. Inthese
embodiments, biosynthetic pathways for a desired product of
the invention can be segregated into different microbial
organisms, and the different microbial organisms can be co-
cultured to produce the final product. In such a biosynthetic
scheme, the product of one microbial organism is the sub-
strate for a second microbial organism until the final product
is synthesized. For example, the biosynthesis of butadiene
can be accomplished by constructing a microbial organism
that contains biosynthetic pathways for conversion of one
pathway intermediate to another pathway intermediate or the
product. Alternatively, butadiene also can be biosynthetically
produced from microbial organisms through co-culture or
co-fermentation using two organisms in the same vessel,
where the first microbial organism produces a butadiene
intermediate and the second microbial organism converts the
intermediate to butadiene.

Given the teachings and guidance provided herein, those
skilled in the art will understand that a wide variety of com-
binations and permutations exist for the non-naturally occur-
ring microbial organisms and methods of the invention
together with other microbial organisms, with the co-culture
of other non-naturally occurring microbial organisms having
subpathways and with combinations of other chemical and/or
biochemical procedures well known in the art to produce
butadiene or crotyl alcohol.

Sources of encoding nucleic acids for a butadiene or crotyl
alcohol pathway enzyme or protein can include, for example,
any species where the encoded gene product is capable of
catalyzing the referenced reaction. Such species include both
prokaryotic and eukaryotic organisms including, but not lim-
ited to, bacteria, including archaea and eubacteria, and
eukaryotes, including yeast, plant, insect, animal, and mam-
mal, including human. Exemplary species for such sources
include, for example, Escherichia coli, Acetobacter aceti,
Acidaminococcus fermentans, Acinetobacter baylyi, Acine-
tobacter calcoaceticus, Acinetobacter sp. ADP1, Acineto-
bacter sp. Strain M-1, Actinobacillus succinogenes, Aeropy-
rum  pernix, Allochromatium vinosum DSM 180,
Anaerobiospirillum succiniciproducens, Aquifex aeolicus,
Aquifex aeolicus, Arabidopsis thaliana, Avabidopsis thaliana
col, Archaeoglobus fulgidus, Archaeoglobus fulgidus DSM
4304, Aromatoleum aromaticum EbN1, Ascaris suum,
Aspergillus nidulans, Azoarcus sp. CIB, Azoarcus sp. T, Azo-
tobacter vinelandii DI, Bacillus cereus, Bacillus megaterium,
Bacillus subtilis, Balnearium lithotrophicum, Bos Taurus,
BRC 13350, Brucella melitensis, Burkholderia ambifaria
AMMD, Burkholderia phymatum, butyrate-producing bacte-
rium [.2-50, Campylobacter curvus 525.92, Campylobacter
Jejuni, Candida albicans, Candida magnolia, Carboxydot-
hermus hydrogenoformans, Chlorobium phaeobacteroides
DSM 266, Chlorobium limicola, Chlorobium tepidum, Chlo-
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roflexus aurantiacus, Citrobacter youngae ATCC 29220,
Clostridium acetobutylicum, Clostridium aminobutyricum,
Clostridium beijerinckii, Clostridium beijerinckii NCIMB
8052, Clostridium beijerinckii NRRL B593, Clostridium
botulinum C str. Eklund, Clostridium carboxidivorans P77,
Clostridium cellulolyticum HI10, Clostridium kluyveri,
Clostridium kluyveri DSM 555, Clostridium novyi NT,
Clostridium pasteurianum, Clostridium saccharoperbutylac-
etonicum, Corynebacterium glutamicum, Corynebacterium
glutamicum ATCC 13032, Cupriavidus taiwanensis, Cyano-
bium PCC7001, Desulfovibrio africanus, Desulfo Vibrio des-
ulfuricans G20, Desulfovibrio desulfuricans subsp. desulfi-
ricans str. ATCC 27774, Desulfovibrio fructosovorans 11,
Desulfovibrio vulgaris str. Hildenborough, Dictyostelium
discoideum AX4 DSM 266, Enterococcus faecalis, Erythro-
bacter sp. NAPL, Escherichia coli K12, Escherichia coli str.
K-12 substr. MG1655, Eubacterium rectale ATCC 33656,
Fusobacterium nucleatum, Fusobacterium nucleatum subsp.
nucleatum ATCC 25586, Geobacillus thermoglucosidasius,
Geobacter metalliveducens GS-15, Geobacter sulfurre-
ducens, Haematococcus pluvialis, Haemophilus influenza,
Haloarcula marismortui, Haloarcula marismortui ATCC
43049, Helicobacter pylori, Helicobacter pylori 26695,
Homo sapiens, Hydrogenobacter thermophilus, Klebsiella
preumonia, Klebsiella pneumonia, Lactobacillus plantarum,
Leuconostoc mesenteroides, Leuconostoc mesenteroides,
Mannheimia succiniciproducens, marine gamma proteobac-
terium HTCC2080, Metallosphaera sedula, Methanocaldo-
coccus jannaschii, Methanosarcina thermophila, Methano-
thermobacter  thermautotrophicus,  Methylobacterium
extorquens, Moorella thermoacetica, Mus musculus, Myco-
bacterium avium subsp. paratuberculosis K-10, Mycobacte-
rium bovis BCG, Mycobacterium marinum M, Mycobacte-
rium smegmatis, Mycobacterium smegmatis MC2 155,
Mycobacterium tuberculosis, Mycoplasma pneumoniae
M129, Nocardia farcinica IFM 10152, Nocardia iowensis
(sp. NRRL 5646), Nostoc sp. PCC 7120, Oryctolagus cunicu-
lus, Paracoccus denitrificans, Pelobacter carbinolicus DSM
2380, Pelotomaculum thermopropionicum, Penicillium
chrysogenum, Populus alba, Populus tremulaxPopulus alba,
Porphyromonas ingivalis, Porphyromonas gingivalis W83,
Pseudomonas aeruginosa, Pseudomonas aeruginosa PAO1,
Pseudomonas fluorescens, Pseudomonas fluorescens P1-5,
Pseudomonas knackmussii (B13), Pseudomonas putida,
Pseudomonas putida E23, Pseudomonas putida KT12440,
Pseudomonas sp, Pueraria Montana, Pyrobaculum aerophi-
lum str. IM2, Pyrococcus furiosus, Ralstonia eutropha, Ral-
stonia eutropha H16, Ralstonia metallidurans, Rattus nor-
vegicus, Rhodobacter capsulatus, Rhodobacter spaeroides,
Rhodococcus  rubber,  Rhodopseudomonas  palustris,
Rhodopseudomonas palustris, Rhodopseudomonas palustris
CGAO009, Rhodospirillum rubrum, Roseburia intestinalis
L1-82, Roseburia inulinivorans DSM 16841, Roseburia sp.
A2-183, Roseiflexus castenholzii, Saccharomyces cerevisiae,
Saccharomyces cerevisiae, Saccharopolyspora rythraea
NRRL 2338, Salmonella enteric, Salmonella enterica subsp.,
rizonae serovar, Salmonella typhimurium, Schizosaccharo-
myces pombe, Simmondsia chinensis, Sinorhizobium
meliloti, Sordaria macrospora, Staphylococcus ureus, Strep-
tococcus pneumonia, Streptomyces coelicolor, Streptomyces
griseus subsp. griseus, Streptomyces griseus subsp. griseus
NBRC 13350, Streptomyces sp. ACT-1, Sulfolobus acidoca-
larius, Sulfolobus shibatae, Sulfolobus solfataricus, Sulfolo-
bus sp. strain 7, Sulfolobus tokodaii, Sulfurihydrogenibium
subterraneum, Sulfurimonas denitrificans, Synechocystis sp.
strain PCC6803, Syntrophus, ciditrophicus, Thauera aro-
matica, Thermoanaerobacter brockii HTD4, Thermoanaero-
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bacter tengcongensis MB4, Thermocrinis albus, Thermosyn-
echococcus elongates, Thermotoga maritime, Thermotoga
maritime MSBS8, Thermus hermophilus HB8, Thermus ther-
mophilus, Thermus thermophilus, Thiobacillus denitrificans,
Thiocapsa roseopersicina, Trichomonas vaginalis G3, Tri-
chosporonoides megachiliensis, Trypanosoma brucei, Tsuka-
murella paurometabola DSM 20162, Yarrowia lipolytica,
Yersinia intermedia ATCC 29909, Zea mays, Zoogloea
ramigera, Zygosaccharomyces vouxii, Zymomonas mobilis,
as well as other exemplary species disclosed herein are avail-
able as source organisms for corresponding genes. However,
with the complete genome sequence available for now more
than 550 species (with more than half of these available on
public databases such as the NCBI), including 395 microor-
ganism genomes and a variety of yeast, fungi, plant, and
mammalian genomes, the identification of genes encoding
the requisite butadiene or crotyl alcohol biosynthetic activity
for one or more genes in related or distant species, including
for example, homologues, orthologs, paralogs and non-
orthologous gene displacements of known genes, and the
interchange of genetic alterations between organisms is rou-
tine and well known in the art. Accordingly, the metabolic
alterations allowing biosynthesis of butadiene or crotyl alco-
hol described herein with reference to a particular organism
such as F. coli can be readily applied to other microorgan-
isms, including prokaryotic and eukaryotic organisms alike.
Given the teachings and guidance provided herein, those
skilled in the art will know that a metabolic alteration exem-
plified in one organism can be applied equally to other organ-
isms.

In some instances, such as when an alternative butadiene or
crotyl alcohol biosynthetic pathway exists in an unrelated
species, butadiene or crotyl alcohol biosynthesis can be con-
ferred onto the host species by, for example, exogenous
expression of a paralog or paralogs from the unrelated species
that catalyzes a similar, yet non-identical metabolic reaction
to replace the referenced reaction. Because certain differ-
ences among metabolic networks exist between different
organisms, those skilled in the art will understand that the
actual gene usage between different organisms may differ.
However, given the teachings and guidance provided herein,
those skilled in the art also will understand that the teachings
and methods of the invention can be applied to all microbial
organisms using the cognate metabolic alterations to those
exemplified herein to construct a microbial organism in a
species of interest that will synthesize butadiene or crotyl
alcohol.

Methods for constructing and testing the expression levels
of'a non-naturally occurring butadiene or crotyl alcohol-pro-
ducing host can be performed, for example, by recombinant
and detection methods well known in the art. Such methods
can be found described in, for example, Sambrook et al.,
Molecular Cloning: A Laboratory Manual, Third Ed., Cold
Spring Harbor Laboratory, New York (2001); and Ausubel et
al., Current Protocols in Molecular Biology, John Wiley and
Sons, Baltimore, Md. (1999).

Exogenous nucleic acid sequences involved in a pathway
for production of butadiene or crotyl alcohol can be intro-
duced stably or transiently into a host cell using techniques
well known in the art including, but not limited to, conjuga-
tion, electroporation, chemical transformation, transduction,
transfection, and ultrasound transformation. For exogenous
expression in E. coli or other prokaryotic cells, some nucleic
acid sequences in the genes or cDNAs of eukaryotic nucleic
acids can encode targeting signals such as an N-terminal
mitochondrial or other targeting signal, which can be
removed before transformation into prokaryotic host cells, if
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desired. For example, removal of a mitochondrial leader
sequence led to increased expression in E. coli (Hoffmeister
etal., J. Biol. Chem. 280:4329-4338 (2005)). For exogenous
expression in yeast or other eukaryotic cells, genes can be
expressed in the cytosol without the addition of leader
sequence, or can be targeted to mitochondrion or other
organelles, or targeted for secretion, by the addition of a
suitable targeting sequence such as a mitochondrial targeting
or secretion signal suitable for the host cells. Thus, it is
understood that appropriate modifications to a nucleic acid
sequence to remove or include a targeting sequence can be
incorporated into an exogenous nucleic acid sequence to
impart desirable properties. Furthermore, genes can be sub-
jected to codon optimization with techniques well known in
the art to achieve optimized expression of the proteins.

An expression vector or vectors can be constructed to
include one or more butadiene or crotyl alcohol biosynthetic
pathway encoding nucleic acids as exemplified herein oper-
ably linked to expression control sequences functional in the
host organism. Expression vectors applicable for use in the
microbial host organisms of the invention include, for
example, plasmids, phage vectors, viral vectors, episomes
and artificial chromosomes, including vectors and selection
sequences or markers operable for stable integration into a
host chromosome. Additionally, the expression vectors can
include one or more selectable marker genes and appropriate
expression control sequences. Selectable marker genes also
can be included that, for example, provide resistance to anti-
biotics or toxins, complement auxotrophic deficiencies, or
supply critical nutrients not in the culture media. Expression
control sequences can include constitutive and inducible pro-
moters, transcription enhancers, transcription terminators,
and the like which are well known in the art. When two or
more exogenous encoding nucleic acids are to be co-ex-
pressed, both nucleic acids can be inserted, for example, into
a single expression vector or in separate expression vectors.
For single vector expression, the encoding nucleic acids can
be operationally linked to one common expression control
sequence or linked to different expression control sequences,
such as one inducible promoter and one constitutive pro-
moter. The transformation of exogenous nucleic acid
sequences involved in a metabolic or synthetic pathway can
be confirmed using methods well known in the art. Such
methods include, for example, nucleic acid analysis such as
Northern blots or polymerase chain reaction (PCR) amplifi-
cation of mRNA, or immunoblotting for expression of gene
products, or other suitable analytical methods to test the
expression of an introduced nucleic acid sequence or its cor-
responding gene product. It is understood by those skilled in
the art that the exogenous nucleic acid is expressed in a
sufficient amount to produce the desired product, and it is
further understood that expression levels can be optimized to
obtain sufficient expression using methods well known in the
art and as disclosed herein.

In some embodiments, the invention provides a method for
producing butadiene that includes culturing a non-naturally
occurring microbial organism, including a microbial organ-
ism having a butadiene pathway, the butadiene pathway
including at least one exogenous nucleic acid encoding a
butadiene pathway enzyme expressed in a sufficient amount
to produce butadiene, the butadiene pathway including an
acetyl-CoA:acetyl-CoA acyltransferase, an acetoacetyl-CoA
reductase, a 3-hydroxybutyryl-CoA dehydratase, a crotonyl-
CoA reductase (aldehyde forming), a crotonaldehyde reduc-
tase (alcohol forming), a crotyl alcohol kinase, a 2-butenyl-
4-phosphate kinase, a butadiene synthase, a crotonyl-CoA
hydrolase, synthetase, or transferase, a crotonate reductase, a
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crotonyl-CoA reductase (alcohol forming), a glutaconyl-
CoA decarboxylase, a glutaryl-CoA dehydrogenase, an
3-aminobutyryl-CoA deaminase, a 4-hydroxybutyryl-CoA
dehydratase or a crotyl alcohol diphosphokinase (FIG. 2). In
one aspect, the method includes a microbial organism having
a butadiene pathway including an acetyl-CoA:acetyl-CoA
acyltransferase, an acetoacetyl-CoA reductase, a 3-hydroxy-
butyryl-CoA dehydratase, a crotonyl-CoA reductase (alde-
hyde forming), a crotonaldehyde reductase (alcohol form-
ing), a crotyl alcohol kinase, a 2-butenyl-4-phosphate kinase
and a butadiene synthase (FIG. 2, steps A-H). In one aspect,
the method includes a microbial organism having a butadiene
pathway including an acetyl-CoA:acetyl-CoA acyltrans-
ferase, an acetoacetyl-CoA reductase, a 3-hydroxybutyryl-
CoA dehydratase, a crotyl alcohol kinase, a 2-butenyl-4-
phosphate kinase, a butadiene synthase and crotonyl-CoA
reductase (alcohol forming) (FIG. 2, steps A-C, K, F, G, H). In
one aspect, the method includes a microbial organism having
a butadiene pathway including an acetyl-CoA:acetyl-CoA
acyltransferase, an acetoacetyl-CoA reductase, a 3-hydroxy-
butyryl-CoA dehydratase, a butadiene synthase, a crotonyl-
CoA reductase (alcohol forming) and a crotyl alcohol diphos-
phokinase (FIG. 2, steps A-C, K, P, H). In one aspect, the
method includes a microbial organism having a butadiene
pathway including an acetyl-CoA:acetyl-CoA acyltrans-
ferase, an acetoacetyl-CoA reductase, a 3-hydroxybutyryl-
CoA dehydratase, a crotonaldehyde reductase (alcohol form-
ing), a crotyl alcohol kinase, a 2-butenyl-4-phosphate kinase,
a butadiene synthase, a crotonyl-CoA hydrolase, synthetase,
or transferase and a crotonate reductase, (FIG. 2, steps A-C, I,
J,E, F, G, H). In one aspect, the method includes a microbial
organism having a butadiene pathway including an acetyl-
CoA:acetyl-CoA acyltransferase, an acetoacetyl-CoA reduc-
tase, a 3-hydroxybutyryl-CoA dehydratase, a crotonaldehyde
reductase (alcohol forming), a butadiene synthase, a croto-
nyl-CoA hydrolase, synthetase or transferase, a crotonate
reductase and a crotyl alcohol diphosphokinase (FIG. 2, steps
A-C, 1, J, E, P, H). In one aspect, the method includes a
microbial organism having a butadiene pathway including an
acetyl-CoA:acetyl-CoA acyltransferase, an acetoacetyl-CoA
reductase, a 3-hydroxybutyryl-CoA dehydratase, a crotonyl-
CoA reductase (aldehyde forming), a crotonaldehyde reduc-
tase (alcohol forming), a butadiene synthase and a crotyl
alcohol diphosphokinase (FIG. 2, steps A-E, P, H). In one
aspect, the method includes a microbial organism having a
butadiene pathway including a glutaconyl-CoA decarboxy-
lase, a crotonyl-CoA reductase (aldehyde forming), a cro-
tonaldehyde reductase (alcohol forming), a crotyl alcohol
kinase, a 2-butenyl-4-phosphate kinase and a butadiene syn-
thase (FIG. 2, steps L, D-H). In one aspect, the method
includes a microbial organism having a butadiene pathway
including a glutaconyl-CoA decarboxylase, a crotyl alcohol
kinase, a 2-butenyl-4-phosphate kinase, a butadiene synthase
and crotonyl-CoA reductase (alcohol forming) (FIG. 2, steps
L, K, F, G, H). In one aspect, the method includes a microbial
organism having a butadiene pathway including a glutaconyl-
CoA decarboxylase, a butadiene synthase, a crotonyl-CoA
reductase (alcohol forming) and a crotyl alcohol diphospho-
kinase (FIG. 2, steps L, K, P, H). In one aspect, the method
includes a microbial organism having a butadiene pathway
including a glutaconyl-CoA decarboxylase, a crotonaldehyde
reductase (alcohol forming), a crotyl alcohol kinase, a 2-bute-
nyl-4-phosphate kinase, a butadiene synthase, a crotonyl-
CoA hydrolase, synthetase, or transferase and a crotonate
reductase (FIG. 2, steps L, L, J, E, F, G, H). In one aspect, the
method includes a microbial organism having a butadiene
pathway including a glutaconyl-CoA decarboxylase, a cro-
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tonaldehyde reductase (alcohol forming), a butadiene syn-
thase, a crotonyl-CoA hydrolase, synthetase or transferase, a
crotonate reductase and a crotyl alcohol diphosphokinase
(FIG. 2, steps L, I, J, E, P, H). In one aspect, the method
includes a microbial organism having a butadiene pathway
including a 3-hydroxybutyryl-CoA dehydratase, a crotonyl-
CoA reductase (aldehyde forming), a crotonaldehyde reduc-
tase (alcohol forming), a butadiene a glutaconyl-CoA decar-
boxylase and a crotyl alcohol diphosphokinase (FIG. 2, steps
L, C, D, E, P, H). In one aspect, the method includes a
microbial organism having a butadiene pathway including a
glutaryl-CoA dehydrogenase, a crotonyl-CoA reductase (al-
dehyde forming), a crotonaldehyde reductase (alcohol form-
ing), a crotyl alcohol kinase, a 2-butenyl-4-phosphate kinase
and a butadiene synthase (FIG. 2, steps M, D-H). In one
aspect, the method includes a microbial organism having a
butadiene pathway including a glutaryl-CoA dehydrogenase,
a crotyl alcohol kinase, a 2-butenyl-4-phosphate kinase, a
butadiene synthase and crotonyl-CoA reductase (alcohol
forming) (FIG. 2, steps M, K, F, G, H). In one aspect, the
method includes a microbial organism having a butadiene
pathway including a glutaryl-CoA dehydrogenase, a butadi-
ene synthase, a crotonyl-CoA reductase (alcohol forming)
and a crotyl alcohol diphosphokinase (FIG. 2, steps M, K, P,
H). In one aspect, the method includes a microbial organism
having a butadiene pathway including a glutaryl-CoA dehy-
drogenase, a crotonaldehyde reductase (alcohol forming), a
crotyl alcohol kinase, a 2-butenyl-4-phosphate kinase, a buta-
diene synthase, a crotonyl-CoA hydrolase, synthetase, or
transferase and a crotonate reductase (FI1G. 2, steps M, L, I, E,
F, G, H). In one aspect, the method includes a microbial
organism having a butadiene pathway including a glutaryl-
CoA dehydrogenase, a crotonaldehyde reductase (alcohol
forming), a butadiene synthase, a crotonyl-CoA hydrolase,
synthetase or transferase, a crotonate reductase and a crotyl
alcohol diphosphokinase (FIG. 2, steps M, I, I, E, P, H). In one
aspect, the method includes a microbial organism having a
butadiene pathway including a 3-hydroxybutyryl-CoA dehy-
dratase, a crotonyl-CoA reductase (aldehyde forming), a cro-
tonaldehyde reductase (alcohol forming), a butadiene syn-
thase, a glutaryl-CoA dehydrogenase and a crotyl alcohol
diphosphokinase (FIG. 2, steps M, C, D, E, P, H). In one
aspect, the method includes a microbial organism having a
butadiene pathway including an 3-aminobutyryl-CoA deami-
nase, a crotonyl-CoA reductase (aldehyde forming), a cro-
tonaldehyde reductase (alcohol forming), a crotyl alcohol
kinase, a 2-butenyl-4-phosphate kinase and a butadiene syn-
thase (FIG. 2, steps N, D-H). In one aspect, the method
includes a microbial organism having a butadiene pathway
including an 3-aminobutyryl-CoA deaminase, a crotyl alco-
hol kinase, a 2-butenyl-4-phosphate kinase, a butadiene syn-
thase and crotonyl-CoA reductase (alcohol forming) (FIG. 2,
steps N, K, F, G, H). In one aspect, the method includes a
microbial organism having a butadiene pathway including an
3-aminobutyryl-CoA deaminase, a butadiene synthase, a
crotonyl-CoA reductase (alcohol forming) and a crotyl alco-
hol diphosphokinase (FIG. 2, steps N, K, P, H). In one aspect,
the method includes a microbial organism having a butadiene
pathway including an 3-aminobutyryl-CoA deaminase, a cro-
tonaldehyde reductase (alcohol forming), a crotyl alcohol
kinase, a 2-butenyl-4-phosphate kinase, a butadiene synthase,
a crotonyl-CoA hydrolase, synthetase, or transferase and a
crotonate reductase (FIG. 2, steps N, I, I, E, F, G, H). In one
aspect, the method includes a microbial organism having a
butadiene pathway including an 3-aminobutyryl-CoA deami-
nase, a crotonaldehyde reductase (alcohol forming), a buta-
diene synthase, a crotonyl-CoA hydrolase, synthetase or
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transferase, a crotonate reductase and a crotyl alcohol diphos-
phokinase (FIG. 2, steps N, 1, J, E, P, H). In one aspect, the
method includes a microbial organism having a butadiene
pathway including a 3-hydroxybutyryl-CoA dehydratase, a
crotonyl-CoA reductase (aldehyde forming), a crotonalde-
hyde reductase (alcohol forming), a butadiene synthase, a
3-aminobutyryl-CoA deaminase and a crotyl alcohol diphos-
phokinase (FIG. 2, steps N, C, D, E, P, H). In one aspect, the
method includes a microbial organism having a butadiene
pathway including a 4-hydroxybutyryl-CoA dehydratase, a
crotonyl-CoA reductase (aldehyde forming), a crotonalde-
hyde reductase (alcohol forming), a crotyl alcohol kinase, a
2-butenyl-4-phosphate kinase and a butadiene synthase (FIG.
2, steps O, D-H). In one aspect, the method includes a micro-
bial organism having a butadiene pathway including a 4-hy-
droxybutyryl-CoA dehydratase, a crotyl alcohol kinase, a
2-butenyl-4-phosphate kinase, a butadiene synthase and
crotonyl-CoA reductase (alcohol forming) (FIG. 2, steps O,
K, F, G, H). In one aspect, the method includes a microbial
organism having a butadiene pathway including a 4-hydroxy-
butyryl-CoA dehydratase, a butadiene synthase, a crotonyl-
CoA reductase (alcohol forming) and a crotyl alcohol diphos-
phokinase (FIG. 2, steps O, K, P, H). In one aspect, the method
includes a microbial organism having a butadiene pathway
including a 4-hydroxybutyryl-CoA dehydratase, a crotonal-
dehyde reductase (alcohol forming), a crotyl alcohol kinase,
a 2-butenyl-4-phosphate kinase, a butadiene synthase, a
crotonyl-CoA hydrolase, synthetase, or transferase and a cro-
tonate reductase (FIG. 2, steps O, I, I, E, F, G, H). In one
aspect, the method includes a microbial organism having a
butadiene pathway including a 4-hydroxybutyryl-CoA dehy-
dratase, a crotonaldehyde reductase (alcohol forming), a
butadiene synthase, a crotonyl-CoA hydrolase, synthetase or
transferase, a crotonate reductase and a crotyl alcohol diphos-
phokinase (FIG. 2, steps O, 1, I, E, P, H). In one aspect, the
method includes a microbial organism having a butadiene
pathway including a 3-hydroxybutyryl-CoA dehydratase, a
crotonyl-CoA reductase (aldehyde forming), a crotonalde-
hyde reductase (alcohol forming), a butadiene synthase, a
4-hydroxybutyryl-CoA dehydratase and a crotyl alcohol
diphosphokinase (FIG. 2, steps O, C, D, E, P, H).

In some embodiments, the invention provides a method for
producing butadiene that includes culturing a non-naturally
occurring microbial organism, including a microbial organ-
ism having a butadiene pathway, the butadiene pathway
including at least one exogenous nucleic acid encoding a
butadiene pathway enzyme expressed in a sufficient amount
to produce butadiene, the butadiene pathway including an
erythrose-4-phosphate reductase, an erythritol-4-phospate
cytidylyltransferase, a 4-(cytidine 5'-diphospho)-erythritol
kinase, an erythritol 2,4-cyclodiphosphate synthase, a 1-hy-
droxy-2-butenyl 4-diphosphate synthase, a 1-hydroxy-2-
butenyl 4-diphosphate reductase, a butenyl 4-diphosphate
isomerase, a butadiene synthase, an erythrose-4-phosphate
kinase, an erythrose reductase or an erythritol kinase (FIG. 3).
In one aspect, the method includes a microbial organism
having a butadiene pathway including an erythrose-4-phos-
phate reductase, an erythritol-4-phospate cytidylyltrans-
ferase, a 4-(cytidine 5'-diphospho)-erythritol kinase, an
erythritol 2,4-cyclodiphosphate synthase, a 1-hydroxy-2-
butenyl 4-diphosphate synthase, a 1-hydroxy-2-butenyl
4-diphosphate reductase and a butadiene synthase (FIG. 3,
steps A-F, and H). In one aspect, the method includes a micro-
bial organism having a butadiene pathway including an eryth-
rose-4-phosphate reductase, an erythritol-4-phospate cytidy-
lyltransferase, a 4-(cytidine 5'-diphospho)-erythritol kinase,
an erythritol 2,4-cyclodiphosphate synthase, a 1-hydroxy-2-
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butenyl 4-diphosphate synthase, a 1-hydroxy-2-butenyl
4-diphosphate reductase, a butenyl 4-diphosphate isomerase
and butadiene synthase (FIG. 3, steps A-H). In one aspect, the
method includes a microbial organism having a butadiene
pathway including an erythritol-4-phospate cytidylyltrans-
ferase, a 4-(cytidine 5'-diphospho)-erythritol kinase, an
erythritol 2,4-cyclodiphosphate synthase, a 1-hydroxy-2-
butenyl 4-diphosphate synthase, a 1-hydroxy-2-butenyl
4-diphosphate reductase, a butadiene synthase, an erythrose-
4-phosphate kinase, an erythrose reductase and a erythritol
kinase (FIG. 3, steps I, J, K, B-F, H). In one aspect, the method
includes a microbial organism having a butadiene pathway
including an erythritol-4-phospate cytidylyltransferase, a
4-(cytidine 5'-diphospho)-erythritol kinase, an erythritol 2,4-
cyclodiphosphate synthase, a 1-hydroxy-2-butenyl 4-diphos-
phate synthase, a 1-hydroxy-2-butenyl 4-diphosphate reduc-
tase, a butenyl 4-diphosphate isomerase, a butadiene
synthase, an erythrose-4-phosphate kinase, an erythrose
reductase and an erythritol kinase (FIG. 3, steps [, J, K, B-H).

In some embodiments, the invention provides a method for
producing butadiene that includes culturing a non-naturally
occurring microbial organism, including a microbial organ-
ism having a butadiene pathway, the butadiene pathway
including at least one exogenous nucleic acid encoding a
butadiene pathway enzyme expressed in a sufficient amount
to produce butadiene, the butadiene pathway including a
malonyl-CoA:acetyl-CoA acyltransferase, an 3-oxoglutaryl-
CoA reductase (ketone-reducing), a 3-hydroxyglutaryl-CoA
reductase (aldehyde forming), a 3-hydroxy-5-oxopentanoate
reductase, a 3,5-dihydroxypentanoate kinase, a 3-hydroxy-5-
phosphonatooxypentanoate kinase, a 3-hydroxy-5-[hydroxy
(phosphonooxy)phosphoryl]oxy pentanoate decarboxylase,
a butenyl 4-diphosphate isomerase, a butadiene synthase, a
3-hydroxyglutaryl-CoA reductase (alcohol forming), an
3-oxoglutaryl-CoA reductase (aldehyde forming), a 3,5-di-
oxopentanoate reductase (ketone reducing), a 3,5-dioxopen-
tanoate reductase (aldehyde reducing), a 5-hydroxy-3-oxo-
pentanoate reductase or an 3-oxo-glutaryl-CoA reductase
(CoA reducing and alcohol forming) (FIG. 4). In one aspect,
the method includes a microbial organism having a butadiene
pathway including a malonyl-CoA:acetyl-CoA acyltrans-
ferase, an 3-oxoglutaryl-CoA reductase (ketone-reducing), a
3-hydroxyglutaryl-CoA reductase (aldehyde forming), a
3-hydroxy-5-oxopentanoate reductase, a 3,5-dihydroxypen-
tanoate kinase, a 3-hydroxy-5-phosphonatooxypentanoate
kinase, a 3-hydroxy-5-[hydroxy(phosphonooxy)phosphoryl]
oxy pentanoate decarboxylase, a butenyl 4-diphosphate
isomerase and a butadiene synthase (FIG. 4, steps A-I). In one
aspect, the method includes a microbial organism having a
butadiene pathway including a malonyl-CoA:acetyl-CoA
acyltransferase, a 3,5-dihydroxypentanoate kinase, a 3-hy-
droxy-5-phosphonatooxypentanoate kinase, a 3-hydroxy-5-
[hydroxy(phosphonooxy)phosphoryl]oxy pentanoate decar-
boxylase, a butenyl 4-diphosphate isomerase, a butadiene
synthase, an 3-oxoglutaryl-CoA reductase (aldehyde form-
ing), a 3,5-dioxopentanoate reductase (aldehyde reducing)
and a 5-hydroxy-3-oxopentanoate reductase. (FIG. 4, steps A,
K, M, N, E, F, G, H, ). In one aspect, the method includes a
microbial organism having a butadiene pathway including a
malonyl-CoA:acetyl-CoA acyltransferase, a 3-hydroxy-5-
oxopentanoate reductase, a 3,5-dihydroxypentanoate kinase,
a 3-Hydroxy-5-phosphonatooxypentanoate kinase, a 3-Hy-
droxy-5-[hydroxy(phosphonooxy)phosphoryljoxy pen-
tanoate decarboxylase, a butenyl 4-diphosphate isomerase, a
butadiene synthase, an 3-oxoglutaryl-CoA reductase (alde-
hyde forming) and a 3,5-dioxopentanoate reductase (ketone
reducing). (FIG. 4, steps A, K, L, D, E, F, G, H, I). In one
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aspect, the method includes a microbial organism having a
butadiene pathway including a malonyl-CoA:acetyl-CoA
acyltransferase, a 3,5-dihydroxypentanoate kinase, a 3-hy-
droxy-5-phosphonatooxypentanoate kinase, a 3-hydroxy-5-
[hydroxy(phosphonooxy)phosphoryl]oxy pentanoate decar-
boxylase, a butenyl 4-diphosphate isomerase, a butadiene
synthase, a 5-hydroxy-3-oxopentanoate reductase and a
3-oxo-glutaryl-CoA reductase (CoA reducing and alcohol
forming). (FIG. 4, steps A, O, N, E, F, G, H, I). In one aspect,
the method includes a microbial organism having a butadiene
pathway including a malonyl-CoA:acetyl-CoA acyltrans-
ferase, an 3-oxoglutaryl-CoA reductase (ketone-reducing), a
3,5-dihydroxypentanoate kinase, a 3-hydroxy-5-phospho-
natooxypentanoate  kinase, a  3-hydroxy-5-[hydroxy
(phosphonooxy)phosphoryl]oxy pentanoate decarboxylase,
a butenyl 4-diphosphate isomerase, a butadiene synthase and
a 3-hydroxyglutaryl-CoA reductase (alcohol forming). (FIG.
4,steps A, B, ILE, F, G, H, I).

In some embodiments, the invention provides a method for
producing butadiene that includes culturing a non-naturally
occurring microbial organism as described herein, including
amicrobial organism having a butadiene pathway comprising
at least one exogenous nucleic acid encoding a butadiene
pathway enzyme expressed in a sufficient amount to produce
butadiene. Such a microbial organism can further comprise
(a) a reductive TCA pathway comprising at least one exog-
enous nucleic acid encoding a reductive TCA pathway
enzyme, wherein the at least one exogenous nucleic acid is
selected from an ATP-citrate lyase, a citrate lyase, a citryl-
CoA synthetase, a citryl-CoA lyase, a fumarate reductase,
and an alpha-ketoglutarate:ferredoxin oxidoreductase; (b) a
reductive TCA pathway comprising at least one exogenous
nucleic acid encoding a reductive TCA pathway enzyme,
wherein the at least one exogenous nucleic acid is selected
from a pyruvate:ferredoxin oxidoreductase, a phospho-
enolpyruvate carboxylase, a phosphoenolpyruvate carbox-
ykinase, a CO dehydrogenase, and an H, hydrogenase; or (c)
at least one exogenous nucleic acid encodes an enzyme
selected from a CO dehydrogenase, an H, hydrogenase, and
combinations thereof. In such a microbial organism, a buta-
diene pathway can comprise a butadiene pathway disclosed
herein. For example, the butadien pathway can be selected
from: (i) an acetyl-CoA:acetyl-CoA acyltransferase, an
acetoacetyl-CoA reductase, a 3-hydroxybutyryl-CoA dehy-
dratase, a crotonyl-CoA reductase (aldehyde forming), a cro-
tonaldehyde reductase (alcohol forming), a crotyl alcohol
kinase, a 2-butenyl-4-phosphate kinase and a butadiene syn-
thase; (ii) an acetyl-CoA:acetyl-CoA acyltransferase, an
acetoacetyl-CoA reductase, a 3-hydroxybutyryl-CoA dehy-
dratase, a crotyl alcohol kinase, a 2-butenyl-4-phosphate
kinase, a butadiene synthase and crotonyl-CoA reductase
(alcohol forming); (iii) an acetyl-CoA:acetyl-CoA acyltrans-
ferase, an acetoacetyl-CoA reductase, a 3-hydroxybutyryl-
CoA dehydratase, a butadiene synthase, a crotonyl-CoA
reductase (alcohol forming) and a crotyl alcohol diphospho-
kinase; (iv) an acetyl-CoA:acetyl-CoA acyltransferase, an
acetoacetyl-CoA reductase, a 3-hydroxybutyryl-CoA dehy-
dratase, a crotonaldehyde reductase (alcohol forming), a cro-
tyl alcohol kinase, a 2-butenyl-4-phosphate kinase, a butadi-
ene synthase, a crotonyl-CoA hydrolase, synthetase or
transferase and a crotonate reductase; (v) an acetyl-CoA:
acetyl-CoA acyltransferase, an acetoacetyl-CoA reductase, a
3-hydroxybutyryl-CoA dehydratase, a crotonaldehyde
reductase (alcohol forming), a butadiene synthase, a croto-
nyl-CoA hydrolase, synthetase or transferase, a crotonate
reductase and a crotyl alcohol diphosphokinase; (vi) an
acetyl-CoA:acetyl-CoA acyltransferase, an acetoacetyl-CoA
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reductase, a 3-hydroxybutyryl-CoA dehydratase, a crotonyl-
CoA reductase (aldehyde forming), a crotonaldehyde reduc-
tase (alcohol forming), a butadiene synthase and a crotyl
alcohol diphosphokinase. (vii) a glutaconyl-CoA decarboxy-
lase, a crotonyl-CoA reductase (aldehyde forming), a cro-
tonaldehyde reductase (alcohol forming), a crotyl alcohol
kinase, a 2-butenyl-4-phosphate kinase and a butadiene syn-
thase. (viii) a glutaconyl-CoA decarboxylase, a crotyl alcohol
kinase, a 2-butenyl-4-phosphate kinase, a butadiene synthase
and crotonyl-CoA reductase (alcohol forming); (ix) a gluta-
conyl-CoA decarboxylase, a butadiene synthase, a crotonyl-
CoA reductase (alcohol forming) and a crotyl alcohol diphos-
phokinase; (x) a glutaconyl-CoA decarboxylase, a
crotonaldehyde reductase (alcohol forming), a crotyl alcohol
kinase, a 2-butenyl-4-phosphate kinase, a butadiene synthase,
a crotonyl-CoA hydrolase, synthetase, or transferase and a
crotonate reductase; (xi) a glutaconyl-CoA decarboxylase, a
crotonaldehyde reductase (alcohol forming), a butadiene syn-
thase, a crotonyl-CoA hydrolase, synthetase or transferase, a
crotonate reductase and a crotyl alcohol diphosphokinase;
(xii) a 3-hydroxybutyryl-CoA dehydratase, a crotonyl-CoA
reductase (aldehyde forming), a crotonaldehyde reductase
(alcohol forming), a butadiene a glutaconyl-CoA decarboxy-
lase and a crotyl alcohol diphosphokinase; (xiii) a glutaryl-
CoA dehydrogenase, a crotonyl-CoA reductase (aldehyde
forming), a crotonaldehyde reductase (alcohol forming), a
crotyl alcohol kinase, a 2-butenyl-4-phosphate kinase and a
butadiene synthase; (xiv) a glutaryl-CoA dehydrogenase, a
crotyl alcohol kinase, a 2-butenyl-4-phosphate kinase, a buta-
diene synthase and crotonyl-CoA reductase (alcohol form-
ing); (xv) a glutaryl-CoA dehydrogenase, a butadiene syn-
thase, a crotonyl-CoA reductase (alcohol forming) and a
crotyl alcohol diphosphokinase; (xvi) a glutaryl-CoA dehy-
drogenase, a crotonaldehyde reductase (alcohol forming), a
crotyl alcohol kinase, a 2-butenyl-4-phosphate kinase, a buta-
diene synthase, a crotonyl-CoA hydrolase, synthetase, or
transferase and a crotonate reductase; (xvii) a glutaryl-CoA
dehydrogenase, a crotonaldehyde reductase (alcohol form-
ing), a butadiene synthase, a crotonyl-CoA hydrolase, syn-
thetase or transferase, a crotonate reductase and a crotyl alco-
hol diphosphokinase; (xviii) a 3-hydroxybutyryl-CoA
dehydratase, a crotonyl-CoA reductase (aldehyde forming), a
crotonaldehyde reductase (alcohol forming), a butadiene syn-
thase, a glutaryl-CoA dehydrogenase and a crotyl alcohol
diphosphokinase; (xix) an 3-aminobutyryl-CoA deaminase, a
crotonyl-CoA reductase (aldehyde forming), a crotonalde-
hyde reductase (alcohol forming), a crotyl alcohol kinase, a
2-butenyl-4-phosphate kinase and a butadiene synthase; (xx)
an 3-aminobutyryl-CoA deaminase, a crotyl alcohol kinase, a
2-butenyl-4-phosphate kinase, a butadiene synthase and
crotonyl-CoA reductase (alcohol forming); (xxi) an 3-ami-
nobutyryl-CoA deaminase, a butadiene synthase, a crotonyl-
CoA reductase (alcohol forming) and a crotyl alcohol diphos-
phokinase; (xxii) an 3-aminobutyryl-CoA deaminase, a
crotonaldehyde reductase (alcohol forming), a crotyl alcohol
kinase, a 2-butenyl-4-phosphate kinase, a butadiene synthase,
a crotonyl-CoA hydrolase, synthetase or transferase and a
crotonate reductase; (xxiii) an 3-aminobutyryl-CoA deami-
nase, a crotonaldehyde reductase (alcohol forming), a buta-
diene synthase, a crotonyl-CoA hydrolase, synthetase or
transferase, a crotonate reductase and a crotyl alcohol diphos-
phokinase; (xxiv) a 3-hydroxybutyryl-CoA dehydratase, a
crotonyl-CoA reductase (aldehyde forming), a crotonalde-
hyde reductase (alcohol forming), a butadiene synthase, a
3-aminobutyryl-CoA deaminase and a crotyl alcohol diphos-
phokinase; (xxv) a 4-hydroxybutyryl-CoA dehydratase, a
crotonyl-CoA reductase (aldehyde forming), a crotonalde-
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hyde reductase (alcohol forming), a crotyl alcohol kinase, a
2-butenyl-4-phosphate kinase and a butadiene synthase;
(xxvi) a 4-hydroxybutyryl-CoA dehydratase, a crotyl alcohol
kinase, a 2-butenyl-4-phosphate kinase, a butadiene synthase
and crotonyl-CoA reductase (alcohol forming); (xxvii) a
4-hydroxybutyryl-CoA dehydratase, a butadiene synthase, a
crotonyl-CoA reductase (alcohol forming) and a crotyl alco-
hol diphosphokinase; (xxviii) a 4-hydroxybutyryl-CoA dehy-
dratase, a crotonaldehyde reductase (alcohol forming), a cro-
tyl alcohol kinase, a 2-butenyl-4-phosphate kinase, a
butadiene synthase, a crotonyl-CoA hydrolase, synthetase or
transferase and a crotonate reductase; (xxix) a 4-hydroxybu-
tyryl-CoA dehydratase, a crotonaldehyde reductase (alcohol
forming), a butadiene synthase, a crotonyl-CoA hydrolase,
synthetase or transferase, a crotonate reductase and a crotyl
alcohol diphosphokinase; (xxx) a 3-hydroxybutyryl-CoA
dehydratase, a crotonyl-CoA reductase (aldehyde forming), a
crotonaldehyde reductase (alcohol forming), a butadiene syn-
thase, a 4-hydroxybutyryl-CoA dehydratase and a crotyl
alcohol diphosphokinase; (xxxi) an erythrose-4-phosphate
reductase, an erythritol-4-phospate cytidylyltransferase, a
4-(cytidine 5'-diphospho)-erythritol kinase, an erythritol 2,4-
cyclodiphosphate synthase, a 1-hydroxy-2-butenyl 4-diphos-
phate synthase, a 1-hydroxy-2-butenyl 4-diphosphate reduc-
tase and a butadiene synthase; (xxxii) an erythrose-4-
phosphate reductase, an erythritol-4-phospate
cytidylyltransferase, a 4-(cytidine 5'-diphospho)-erythritol
kinase, an erythritol 2,4-cyclodiphosphate synthase, a 1-hy-
droxy-2-butenyl 4-diphosphate synthase, a 1-hydroxy-2-
butenyl 4-diphosphate reductase, a butenyl 4-diphosphate
isomerase and a butadiene synthase; (xxxiii) an erythritol-4-
phospate cytidylyltransferase, a 4-(cytidine 5'-diphospho)-
erythritol kinase, an erythritol 2,4-cyclodiphosphate syn-
thase, a 1-hydroxy-2-butenyl 4-diphosphate synthase, a
1-hydroxy-2-butenyl 4-diphosphate reductase, a butadiene
synthase, an erythrose-4-phosphate kinase, an erythrose
reductase and a erythritol kinase; (xxxiv) an erythritol-4-
phospate cytidylyltransferase, a 4-(cytidine 5'-diphospho)-
erythritol kinase, an erythritol 2,4-cyclodiphosphate syn-
thase, a 1-hydroxy-2-butenyl 4-diphosphate synthase, a
1-hydroxy-2-butenyl 4-diphosphate reductase, a butenyl
4-diphosphate isomerase, a butadiene synthase, an erythrose-
4-phosphate kinase, an erythrose reductase and an erythritol
kinase; (xxxv) a malonyl-CoA:acetyl-CoA acyltransferase,
an 3-oxoglutaryl-CoA reductase (ketone-reducing), a 3-hy-
droxyglutaryl-CoA reductase (aldehyde forming), a 3-hy-
droxy-5-oxopentanoate reductase, a 3,5-dihydroxypen-
tanoate kinase, a 3-hydroxy-5-phosphonatooxypentanoate
kinase, a 3-hydroxy-5-[hydroxy(phosphonooxy)phosphoryl]
oxy pentanoate decarboxylase, a butenyl 4-diphosphate
isomerase and a butadiene synthase; (xxxvi) a malonyl-CoA:
acetyl-CoA acyltransferase, a 3,5-dihydroxypentanoate
kinase, a 3-hydroxy-5-phosphonatooxypentanoate kinase, a
3-hydroxy-5-[hydroxy(phosphonooxy)phosphoryl]oxy pen-
tanoate decarboxylase, a butenyl 4-diphosphate isomerase, a
butadiene synthase, an 3-oxoglutaryl-CoA reductase (alde-
hyde forming), a 3,5-dioxopentanoate reductase (aldehyde
reducing) and a 5-hydroxy-3-oxopentanoate reductase; (Xxx-
vii) a malonyl-CoA:acetyl-CoA acyltransferase, a 3-hy-
droxy-5-oxopentanoate reductase, a 3,5-dihydroxypen-
tanoate kinase, a 3-Hydroxy-5-phosphonatooxypentanoate
kinase, a 3-Hydroxy-5-[hydroxy(phosphonooxy)phospho-
ryljoxy pentanoate decarboxylase, a butenyl 4-diphosphate
isomerase, a butadiene synthase, an 3-oxoglutaryl-CoA
reductase (aldehyde forming) and a 3,5-dioxopentanoate
reductase (ketone reducing); (xxxviil) a malonyl-CoA:
acetyl-CoA acyltransferase, a 3,5-dihydroxypentanoate
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kinase, a 3-hydroxy-5-phosphonatooxypentanoate kinase, a
3-hydroxy-5-[hydroxy(phosphonooxy)phosphoryljoxy pen-
tanoate decarboxylase, a butenyl 4-diphosphate isomerase, a
butadiene synthase, a 5-hydroxy-3-oxopentanoate reductase
and a 3-oxo-glutaryl-CoA reductase (CoA reducing and alco-
hol forming); and (xxxix) a butadiene pathway comprising a
malonyl-CoA:acetyl-CoA acyltransferase, an 3-oxoglutaryl-
CoA reductase (ketone-reducing), a 3,5-dihydroxypen-
tanoate kinase, a 3-hydroxy-5-phosphonatooxypentanoate
kinase, a 3-hydroxy-5-[hydroxy(phosphonooxy)phosphoryl]
oxy pentanoate decarboxylase, a butenyl 4-diphosphate
isomerase, a butadiene synthase and a 3-hydroxyglutaryl-
CoA reductase (alcohol forming).

In some embodiments, the invention provides a method for
producing butadiene that includes culturing a non-naturally
occurring microbial organism as described herein, including
a microbial organism comprising (a) as described above,
which can further comprise an exogenous nucleic acid encod-
ing an enzyme selected from a pyruvate:ferredoxin oxi-
doreductase, an aconitase, an isocitrate dehydrogenase, a suc-
cinyl-CoA synthetase, a succinyl-CoA transferase, a
fumarase, a malate dehydrogenase, an acetate kinase, a phos-
photransacetylase, an acetyl-CoA synthetase, an NAD(P)H:
ferredoxin oxidoreductase, ferredoxin, and combinations
thereof. In addition, a microbial organism comprising (b) as
described above can further comprise an exogenous nucleic
acid encoding an enzyme selected from an aconitase, an
isocitrate dehydrogenase, a succinyl-CoA synthetase, a suc-
cinyl-CoA transferase, a fumarase, a malate dehydrogenase,
and combinations thereof.

In a particular embodiment, such a microbial organism
used in a method for producing butadiene can comprise two,
three, four, five, six or seven exogenous nucleic acids each
encoding a butadiene pathway enzyme. For example, such a
microbial organism can comprise exogenous nucleic acids
encoding each of the enzymes selected from: (i) an acetyl-
CoA:acetyl-CoA acyltransferase, an acetoacetyl-CoA reduc-
tase, a 3-hydroxybutyryl-CoA dehydratase, a crotonyl-CoA
reductase (aldehyde forming), a crotonaldehyde reductase
(alcohol forming), a crotyl alcohol kinase, a 2-butenyl-4-
phosphate kinase and a butadiene synthase; (ii) an acetyl-
CoA:acetyl-CoA acyltransferase, an acetoacetyl-CoA reduc-
tase, a 3-hydroxybutyryl-CoA dehydratase, a crotyl alcohol
kinase, a 2-butenyl-4-phosphate kinase, a butadiene synthase
and crotonyl-CoA reductase (alcohol forming); (iii) an
acetyl-CoA:acetyl-CoA acyltransferase, an acetoacetyl-CoA
reductase, a 3-hydroxybutyryl-CoA dehydratase, a butadiene
synthase, a crotonyl-CoA reductase (alcohol forming) and a
crotyl alcohol diphosphokinase; (iv) an acetyl-CoA:acetyl-
CoA acyltransferase, an acetoacetyl-CoA reductase, a 3-hy-
droxybutyryl-CoA dehydratase, a crotonaldehyde reductase
(alcohol forming), a crotyl alcohol kinase, a 2-butenyl-4-
phosphate kinase, a butadiene synthase, a crotonyl-CoA
hydrolase, synthetase or transferase and a crotonate reduc-
tase; (v) an acetyl-CoA:acetyl-CoA acyltransferase, an
acetoacetyl-CoA reductase, a 3-hydroxybutyryl-CoA dehy-
dratase, a crotonaldehyde reductase (alcohol forming), a
butadiene synthase, a crotonyl-CoA hydrolase, synthetase or
transferase, a crotonate reductase and a crotyl alcohol diphos-
phokinase; (vi) an acetyl-CoA:acetyl-CoA acyltransferase,
an acetoacetyl-CoA reductase, a 3-hydroxybutyryl-CoA
dehydratase, a crotonyl-CoA reductase (aldehyde forming), a
crotonaldehyde reductase (alcohol forming), a butadiene syn-
thase and a crotyl alcohol diphosphokinase; (vii) a glutaco-
nyl-CoA decarboxylase, a crotonyl-CoA reductase (aldehyde
forming), a crotonaldehyde reductase (alcohol forming), a
crotyl alcohol kinase, a 2-butenyl-4-phosphate kinase and a
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butadiene synthase; (viii) a glutaconyl-CoA decarboxylase, a
crotyl alcohol kinase, a 2-butenyl-4-phosphate kinase, a buta-
diene synthase and crotonyl-CoA reductase (alcohol form-
ing); (ix) a glutaconyl-CoA decarboxylase, a butadiene syn-
thase, a crotonyl-CoA reductase (alcohol forming) and a
crotyl alcohol diphosphokinase; (x) a glutaconyl-CoA decar-
boxylase, a crotonaldehyde reductase (alcohol forming), a
crotyl alcohol kinase, a 2-butenyl-4-phosphate kinase, a buta-
diene synthase, a crotonyl-CoA hydrolase, synthetase, or
transferase and a crotonate reductase; (xi) a glutaconyl-CoA
decarboxylase, a crotonaldehyde reductase (alcohol form-
ing), a butadiene synthase, a crotonyl-CoA hydrolase, syn-
thetase or transferase, a crotonate reductase and a crotyl alco-
hol diphosphokinase; (xii) a 3-hydroxybutyryl-CoA
dehydratase, a crotonyl-CoA reductase (aldehyde forming), a
crotonaldehyde reductase (alcohol forming), a butadiene a
glutaconyl-CoA decarboxylase and a crotyl alcohol diphos-
phokinase; (xiii) a glutaryl-CoA dehydrogenase, a crotonyl-
CoA reductase (aldehyde forming), a crotonaldehyde reduc-
tase (alcohol forming), a crotyl alcohol kinase, a 2-butenyl-
4-phosphate kinase and a butadiene synthase; (xiv) a glutaryl-
CoA dehydrogenase, a crotyl alcohol kinase, a 2-butenyl-4-
phosphate kinase, a butadiene synthase and crotonyl-CoA
reductase (alcohol forming); (xv) a glutaryl-CoA dehydroge-
nase, a butadiene synthase, a crotonyl-CoA reductase (alco-
hol forming) and a crotyl alcohol diphosphokinase; (xvi) a
glutaryl-CoA dehydrogenase, a crotonaldehyde reductase
(alcohol forming), a crotyl alcohol kinase, a 2-butenyl-4-
phosphate kinase, a butadiene synthase, a crotonyl-CoA
hydrolase, synthetase, or transferase and a crotonate reduc-
tase; (xvii) a glutaryl-CoA dehydrogenase, a crotonaldehyde
reductase (alcohol forming), a butadiene synthase, a croto-
nyl-CoA hydrolase, synthetase or transferase, a crotonate
reductase and a crotyl alcohol diphosphokinase; (xviii) a
3-hydroxybutyryl-CoA dehydratase, a crotonyl-CoA reduc-
tase (aldehyde forming), a crotonaldehyde reductase (alcohol
forming), a butadiene synthase, a glutaryl-CoA dehydroge-
nase and a crotyl alcohol diphosphokinase; (xix) an 3-ami-
nobutyryl-CoA deaminase, a crotonyl-CoA reductase (alde-
hyde forming), a crotonaldehyde reductase (alcohol
forming), a crotyl alcohol kinase, a 2-butenyl-4-phosphate
kinase and a butadiene synthase; (xx) an 3-aminobutyryl-
CoA deaminase, a crotyl alcohol kinase, a 2-butenyl-4-phos-
phate kinase, a butadiene synthase and crotonyl-CoA reduc-
tase (alcohol forming); (xxi) an 3-aminobutyryl-CoA
deaminase, a butadiene synthase, a crotonyl-CoA reductase
(alcohol forming) and a crotyl alcohol diphosphokinase;
(xxii) an 3-aminobutyryl-CoA deaminase, a crotonaldehyde
reductase (alcohol forming), a crotyl alcohol kinase, a 2-bute-
nyl-4-phosphate kinase, a butadiene synthase, a crotonyl-
CoA hydrolase, synthetase or transferase and a crotonate
reductase; (xxiii) an 3-aminobutyryl-CoA deaminase, a cro-
tonaldehyde reductase (alcohol forming), a butadiene syn-
thase, a crotonyl-CoA hydrolase, synthetase or transferase, a
crotonate reductase and a crotyl alcohol diphosphokinase;
(xxiv) a 3-hydroxybutyryl-CoA dehydratase, a crotonyl-CoA
reductase (aldehyde forming), a crotonaldehyde reductase
(alcohol forming), a butadiene synthase, a 3-aminobutyryl-
CoA deaminase and a crotyl alcohol diphosphokinase; (xxv)
a4-hydroxybutyryl-CoA dehydratase, a crotonyl-CoA reduc-
tase (aldehyde forming), a crotonaldehyde reductase (alcohol
forming), a crotyl alcohol kinase, a 2-butenyl-4-phosphate
kinase and a butadiene synthase; (xxvi) a 4-hydroxybutyryl-
CoA dehydratase, a crotyl alcohol kinase, a 2-butenyl-4-
phosphate kinase, a butadiene synthase and crotonyl-CoA
reductase (alcohol forming); (xxvii) a 4-hydroxybutyryl-
CoA dehydratase, a butadiene synthase, a crotonyl-CoA
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reductase (alcohol forming) and a crotyl alcohol diphospho-
kinase; (xxviii) a 4-hydroxybutyryl-CoA dehydratase, a cro-
tonaldehyde reductase (alcohol forming), a crotyl alcohol
kinase, a 2-butenyl-4-phosphate kinase, a butadiene synthase,
a crotonyl-CoA hydrolase, synthetase or transferase and a
crotonate reductase; (xxix) a 4-hydroxybutyryl-CoA dehy-
dratase, a crotonaldehyde reductase (alcohol forming), a
butadiene synthase, a crotonyl-CoA hydrolase, synthetase or
transferase, a crotonate reductase and a crotyl alcohol diphos-
phokinase; (xxx) a 3-hydroxybutyryl-CoA dehydratase, a
crotonyl-CoA reductase (aldehyde forming), a crotonalde-
hyde reductase (alcohol forming), a butadiene synthase, a
4-hydroxybutyryl-CoA dehydratase and a crotyl alcohol
diphosphokinase; (xxxi) an erythrose-4-phosphate reductase,
an erythritol-4-phospate cytidylyltransferase, a 4-(cytidine
5'-diphospho)-erythritol kinase, an erythritol 2.4-cyclo-
diphosphate synthase, a 1-hydroxy-2-butenyl 4-diphosphate
synthase, a 1-hydroxy-2-butenyl 4-diphosphate reductase
and a butadiene synthase; (xxxii) an erythrose-4-phosphate
reductase, an erythritol-4-phospate cytidylyltransferase, a
4-(cytidine 5'-diphospho)-erythritol kinase, an erythritol 2,4-
cyclodiphosphate synthase, a 1-hydroxy-2-butenyl 4-diphos-
phate synthase, a 1-hydroxy-2-butenyl 4-diphosphate reduc-
tase, a butenyl 4-diphosphate isomerase and a butadiene
synthase; (xxxiii) an erythritol-4-phospate cytidylyltrans-
ferase, a 4-(cytidine 5'-diphospho)-erythritol kinase, an
erythritol 2,4-cyclodiphosphate synthase, a 1-hydroxy-2-
butenyl 4-diphosphate synthase, a 1-hydroxy-2-butenyl
4-diphosphate reductase, a butadiene synthase, an erythrose-
4-phosphate kinase, an erythrose reductase and a erythritol
kinase; (xxxiv) an erythritol-4-phospate cytidylyltransferase,
a 4-(cytidine 5'-diphospho)-erythritol kinase, an erythritol
2,4-cyclodiphosphate synthase, a 1-hydroxy-2-butenyl
4-diphosphate synthase, a 1-hydroxy-2-butenyl 4-diphos-
phate reductase, a butenyl 4-diphosphate isomerase, a buta-
diene synthase, an erythrose-4-phosphate kinase, an eryth-
rose reductase and an erythritol kinase; (xxxv) a malonyl-
CoA:acetyl-CoA acyltransferase, an 3-oxoglutaryl-CoA
reductase (ketone-reducing), a 3-hydroxyglutaryl-CoA
reductase (aldehyde forming), a 3-hydroxy-5-oxopentanoate
reductase, a 3,5-dihydroxypentanoate kinase, a 3-hydroxy-5-
phosphonatooxypentanoate kinase, a 3-hydroxy-5-[hydroxy
(phosphonooxy)phosphoryl]oxy pentanoate decarboxylase,
a butenyl 4-diphosphate isomerase and a butadiene synthase;
(xxxvi) a malonyl-CoA:acetyl-CoA acyltransferase, a 3,5-
dihydroxypentanoate kinase, a 3-hydroxy-5-phospho-
natooxypentanoate  kinase, a  3-hydroxy-5-[hydroxy
(phosphonooxy)phosphoryl]oxy pentanoate decarboxylase,
a butenyl 4-diphosphate isomerase, a butadiene synthase, an
3-oxoglutaryl-CoA reductase (aldehyde forming), a 3,5-di-
oxopentanoate reductase (aldehyde reducing) and a 5-hy-
droxy-3-oxopentanoate reductase; (xxxvii) a malonyl-CoA:
acetyl-CoA acyltransferase, a 3-hydroxy-5-oxopentanoate
reductase, a 3,5-dihydroxypentanoate kinase, a 3-Hydroxy-
5-phosphonatooxypentanoate kinase, a 3-Hydroxy-5-[hy-
droxy(phosphonooxy )phosphorylloxy pentanoate decar-
boxylase, a butenyl 4-diphosphate isomerase, a butadiene
synthase, an 3-oxoglutaryl-CoA reductase (aldehyde form-
ing) and a 3,5-dioxopentanoate reductase (ketone reducing);
(xxxviii) a malonyl-CoA:acetyl-CoA acyltransferase, a 3,5-
dihydroxypentanoate kinase, a 3-hydroxy-5-phospho-
natooxypentanoate  kinase, a  3-hydroxy-5-[hydroxy
(phosphonooxy)phosphoryl]oxy pentanoate decarboxylase,
a butenyl 4-diphosphate isomerase, a butadiene synthase, a
5-hydroxy-3-oxopentanoate reductase and a 3-oxo-glutaryl-
CoA reductase (CoA reducing and alcohol forming); and
(xxxix) a butadiene pathway comprising a malonyl-CoA:
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acetyl-CoA acyltransferase, an 3-oxoglutaryl-CoA reductase
(ketone-reducing), a 3,5-dihydroxypentanoate kinase, a
3-hydroxy-5-phosphonatooxypentanoate kinase, a 3-hy-
droxy-5-[hydroxy(phosphonooxy )phosphorylJoxy pen-
tanoate decarboxylase, a butenyl 4-diphosphate isomerase, a
butadiene synthase and a 3-hydroxyglutaryl-CoA reductase
(alcohol forming).

In some aspects, the invention provides a method for pro-
ducing butatiene, wherein the microbial organisms of the
invention comprise two, three, four or five exogenous nucleic
acids each encoding enzymes of (a), (b) or (c) as described
above. For example, a microbial organism comprising (a) can
comprise thee exogenous nucleic acids encoding ATP-citrate
lyase or citrate lyase, a fumarate reductase, and an alpha-
ketoglutarate:ferredoxin oxidoreductase; a microbial organ-
ism comprising (b) can comprise four exogenous nucleic
acids encoding pyruvate:ferredoxin oxidoreductase, a phos-
phoenolpyruvate carboxylase or a phosphoenolpyruvate car-
boxykinase, a CO dehydrogenase, and an H2 hydrogenase; or
a microbial organism comprising (c¢) can comprise two exog-
enous nucleic acids encoding CO dehydrogenase and H2
hydrogenase. The invention further provides methods for pro-
ducing butadiene by culturing such non-naturally occurring
microbial organisms under conditions and for a sufficient
period of time to produce butadiene.

In some embodiments, the invention provides a method for
producing crotyl alcohol that includes culturing a non-natu-
rally occurring microbial organism as described herein,
including a microbial organism having a crotyl alcohol path-
way comprising at least one exogenous nucleic acid encoding
a crotyl alcohol pathway enzyme expressed in a sufficient
amount to produce crotyl alcohol. Such a microbial organism
can further comprise (a) a reductive TCA pathway compris-
ing at least one exogenous nucleic acid encoding a reductive
TCA pathway enzyme, wherein the at least one exogenous
nucleic acid is selected from an ATP-citrate lyase, a citrate
lyase, a citryl-CoA synthetase, a citryl-CoA lyase, a fumarate
reductase, and an alpha-ketoglutarate:ferredoxin oxidoreduc-
tase; (b) a reductive TCA pathway comprising at least one
exogenous nucleic acid encoding a reductive TCA pathway
enzyme, wherein the at least one exogenous nucleic acid is
selected from a pyruvate:ferredoxin oxidoreductase, a phos-
phoenolpyruvate carboxylase, a phosphoenolpyruvate car-
boxykinase, a CO dehydrogenase, and an H, hydrogenase; or
(c) at least one exogenous nucleic acid encodes an enzyme
selected from a CO dehydrogenase, an H, hydrogenase, and
combinations thereof.

In such a microbial organism used in a method for produc-
ing crotyl alcohol, the crotyl alcohol pathway can be selected
from any of those disclosed herein and in the figures. For
example, the crtoyl alcohol pathway can be selected from (i)
an acetyl-CoA:acetyl-CoA acyltransferase; an acetoacetyl-
CoA reductase; a 3-hydroxybutyryl-CoA dehydratase; a
crotonyl-CoA hydrolase, synthase, or transferase; a crotonate
reductase; and a crotonaldehyde reductase (alcohol forming);
(i) an acetyl-CoA:acetyl-CoA  acyltransferase; an
acetoacetyl-CoA reductase; a 3-hydroxybutyryl-CoA dehy-
dratase; a crotonyl-CoA reductase (aldehyde forming); and a
crotonaldehyde reductase (alcohol forming); (iii) an acetyl-
CoA:acetyl-CoA acyltransferase; an acetoacetyl-CoA reduc-
tase; a 3-hydroxybutyryl-CoA dehydratase; and a crotonyl-
CoA reductase (alcohol forming); (iv) a glutaconyl-CoA
decarboxylase; a crotonyl-CoA hydrolase, synthase, or trans-
ferase; a crotonate reductase; and a crotonaldehyde reductase
(alcohol forming); (v) a glutaconyl-CoA decarboxylase; a
crotonyl-CoA reductase (aldehyde forming); and a crotonal-
dehyde reductase (alcohol forming); and (vi) a glutaconyl-
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CoA decarboxylase; and a crotonyl-CoA reductase (alcohol
forming). (vii) a glutaryl-CoA dehydrogenase; a crotonyl-
CoA hydrolase, synthase, or transferase; a crotonate reduc-
tase; and a crotonaldehyde reductase (alcohol forming); (viii)
a glutaryl-CoA dehydrogenase; a crotonyl-CoA reductase
(aldehyde forming); and a crotonaldehyde reductase (alcohol
forming); (ix) a glutaryl-CoA dehydrogenase; and a crotonyl-
CoA reductase (alcohol forming); (x) a 3-aminobutyryl-CoA
deaminase; a crotonyl-CoA hydrolase, synthase, or trans-
ferase; a crotonate reductase; and a crotonaldehyde reductase
(alcohol forming); (xi) a 3-aminobutyryl-CoA deaminase; a
crotonyl-CoA reductase (aldehyde forming); and a crotonal-
dehyde reductase (alcohol forming); (xii) a 3-aminobutyryl-
CoA deaminase; and a crotonyl-CoA reductase (alcohol
forming); (xiii) a 4-hydroxybutyryl-CoA dehydratase; a
crotonyl-CoA hydrolase, synthase, or transferase; a crotonate
reductase; and a crotonaldehyde reductase (alcohol forming);
(xiv) a 4-hydroxybutyryl-CoA dehydratase; a crotonyl-CoA
reductase (aldehyde forming); and a crotonaldehyde reduc-
tase (alcohol forming); and (xv) a 4-hydroxybutyryl-CoA
dehydratase; and a crotonyl-CoA reductase (alcohol form-
ing).

In some aspects, the invention provides a method for pro-
ducing crotyl alcohol, where a microbial organism compris-
ing (a) can further comprise an exogenous nucleic acid encod-
ing an enzyme selected from a pyruvate:ferredoxin
oxidoreductase, an aconitase, an isocitrate dehydrogenase, a
succinyl-CoA synthetase, a succinyl-CoA transferase, a
fumarase, a malate dehydrogenase, an acetate kinase, a phos-
photransacetylase, an acetyl-CoA synthetase, an NAD(P)H:
ferredoxin oxidoreductase, ferredoxin, and combinations
thereof. In some aspects, such a microbial organism used in a
method for producing crotyl alcohol include a microbial orga-
nimism comprising (b), which can further comprise an exog-
enous nucleic acid encoding an enzyme selected from an
aconitase, an isocitrate dehydrogenase, a succinyl-CoA syn-
thetase, a succinyl-CoA transferase, a fumarase, a malate
dehydrogenase, and combinations thereof. Such a microbial
organism can comprise two, three, four, five, six or seven
exogenous nucleic acids each encoding a crotyl alcohol path-
way enzyme.

For example, the microbial organism used in the methods
for producing croytal alcohol as disclosed herein can com-
prise exogenous nucleic acids encoding each of the enzymes
selected from (i) an acetyl-CoA:acetyl-CoA acyltransferase;
an acetoacetyl-CoA reductase; a 3-hydroxybutyryl-CoA
dehydratase; a crotonyl-CoA hydrolase, synthase, or trans-
ferase; a crotonate reductase; and a crotonaldehyde reductase
(alcohol forming); (ii) an acetyl-CoA:acetyl-CoA acyltrans-
ferase; an acetoacetyl-CoA reductase; a 3-hydroxybutyryl-
CoA dehydratase; a crotonyl-CoA reductase (aldehyde form-
ing); and a crotonaldehyde reductase (alcohol forming); (iii)
an acetyl-CoA:acetyl-CoA acyltransferase; an acetoacetyl-
CoA reductase; a 3-hydroxybutyryl-CoA dehydratase; and a
crotonyl-CoA reductase (alcohol forming); (iv) a glutaconyl-
CoA decarboxylase; a crotonyl-CoA hydrolase, synthase, or
transferase; a crotonate reductase; and a crotonaldehyde
reductase (alcohol forming); (v) a glutaconyl-CoA decar-
boxylase; a crotonyl-CoA reductase (aldehyde forming); and
a crotonaldehyde reductase (alcohol forming); (vi) a glutaco-
nyl-CoA decarboxylase; and a crotonyl-CoA reductase (alco-
hol forming); (vii) a glutaryl-CoA dehydrogenase; a croto-
nyl-CoA hydrolase, synthase, or transferase; a crotonate
reductase; and a crotonaldehyde reductase (alcohol forming);
(viii) a glutaryl-CoA dehydrogenase; a crotonyl-CoA reduc-
tase (aldehyde forming); and a crotonaldehyde reductase (al-
cohol forming); (ix) a glutaryl-CoA dehydrogenase; and a
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crotonyl-CoA reductase (alcohol forming); (x) a 3-aminobu-
tyryl-CoA deaminase; a crotonyl-CoA hydrolase, synthase,
or transferase; a crotonate reductase; and a crotonaldehyde
reductase (alcohol forming); (xi) a 3-aminobutyryl-CoA
deaminase; a crotonyl-CoA reductase (aldehyde forming);
and a crotonaldehyde reductase (alcohol forming); (xii) a
3-aminobutyryl-CoA deaminase; and a crotonyl-CoA reduc-
tase (alcohol forming). (xiii) a 4-hydroxybutyryl-CoA dehy-
dratase; a crotonyl-CoA hydrolase, synthase, or transferase; a
crotonate reductase; and a crotonaldehyde reductase (alcohol
forming); (xiv) a 4-hydroxybutyryl-CoA dehydratase; a
crotonyl-CoA reductase (aldehyde forming); and a crotonal-
dehyde reductase (alcohol forming); and (xv) a 4-hydroxy-
butyryl-CoA dehydratase; and a crotonyl-CoA reductase (al-
cohol forming).

Such microbial organisms used in a method for producing
crotyl alcohol as disclosed herein can comprise two, three,
four or five exogenous nucleic acids each encoding enzymes
of'(a), (b) or (c). For example, a microbial organism compris-
ing (a) can comprise three exogenous nucleic acids encoding
ATP-citrate lyase or citrate lyase, a fumarate reductase, and
an alpha-ketoglutarate:ferredoxin oxidoreductase; a micro-
bial organism comprising (b) can comprise four exogenous
nucleic acids encoding a pyruvate:ferredoxin oxidoreduc-
tase, a phosphoenolpyruvate carboxylase or a phospho-
enolpyruvate carboxykinase, a CO dehydrogenase, and an H,
hydrogenase; or a microbial organism comprising (c) can
comprise two exogenous nucleic acids encoding a CO dehy-
drogenase and an H2 hydrogenase.

Suitable purification and/or assays to test for the produc-
tion of butadiene can be performed using well known meth-
ods. Suitable replicates such as triplicate cultures can be
grown for each engineered strain to be tested. For example,
product and byproduct formation in the engineered produc-
tion host can be monitored. The final product and intermedi-
ates, and other organic compounds, can be analyzed by meth-
ods such as HPLC (High Performance Liquid
Chromatography), GC-MS (Gas Chromatography-Mass
Spectroscopy) and LC-MS (Liquid Chromatography-Mass
Spectroscopy) or other suitable analytical methods using rou-
tine procedures well known in the art. The release of product
in the fermentation broth can also be tested with the culture
supernatant. Byproducts and residual glucose can be quanti-
fied by HPLC using, for example, a refractive index detector
for glucose and alcohols, and a UV detector for organic acids
(Lin et al., Biotechnol. Bioeng. 90:775-779 (2005)), or other
suitable assay and detection methods well known in the art.
The individual enzyme or protein activities from the exog-
enous DNA sequences can also be assayed using methods
well known in the art. For typical Assay Methods, see Manual
on Hydrocarbon Analysis (ASTM Manula Series, A. W.
Drews, ed., 6th edition, 1998, American Society for Testing
and Materials, Baltimore, Md.

The butadiene can be separated from other components in
the culture using a variety of methods well known in the art.
Such separation methods include, for example, extraction
procedures as well as methods that include continuous liquid-
liquid extraction, pervaporation, membrane filtration, mem-
brane separation, reverse osmosis, electrodialysis, distilla-
tion, crystallization, centrifugation, extractive filtration, ion
exchange chromatography, size exclusion chromatography,
adsorption chromatography, and ultrafiltration. All of the
above methods are well known in the art.

Any of the non-naturally occurring microbial organisms
described herein can be cultured to produce and/or secrete the
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biosynthetic products of the invention. For example, the buta-
diene producers can be cultured for the biosynthetic produc-
tion of butadiene.

For the production of butadiene or crotyl alcohol, the
recombinant strains are cultured in a medium with carbon
source and other essential nutrients. It is sometimes desirable
and can be highly desirable to maintain anaerobic conditions
in the fermenter to reduce the cost of the overall process. Such
conditions can be obtained, for example, by first sparging the
medium with nitrogen and then sealing the flasks with a
septum and crimp-cap. For strains where growth is not
observed anaerobically, microaerobic or substantially
anaerobic conditions can be applied by perforating the sep-
tum with a small hole for limited aeration. Exemplary anaero-
bic conditions have been described previously and are well-
known in the art. Exemplary aerobic and anaerobic
conditions are described, for example, in United State publi-
cation 2009/0047719, filed Aug. 10, 2007. Fermentations can
be performed in a batch, fed-batch or continuous manner, as
disclosed herein.

If desired, the pH of the medium can be maintained at a
desired pH, in particular neutral pH, such as a pH of around 7
by addition of a base, such as NaOH or other bases, or acid, as
needed to maintain the culture medium at a desirable pH. The
growth rate can be determined by measuring optical density
using a spectrophotometer (600 nm), and the glucose uptake
rate by monitoring carbon source depletion over time.

The growth medium can include, for example, any carbo-
hydrate source which can supply a source of carbon to the
non-naturally occurring microorganism. Such sources
include, for example, sugars such as glucose, xylose, arabi-
nose, galactose, mannose, fructose, sucrose and starch. Other
sources of carbohydrate include, for example, renewable
feedstocks and biomass. Exemplary types of biomasses that
can be used as feedstocks in the methods of the invention
include cellulosic biomass, hemicellulosic biomass and lig-
nin feedstocks or portions of feedstocks. Such biomass feed-
stocks contain, for example, carbohydrate substrates useful as
carbon sources such as glucose, xylose, arabinose, galactose,
mannose, fructose and starch. Given the teachings and guid-
ance provided herein, those skilled in the art will understand
that renewable feedstocks and biomass other than those
exemplified above also can be used for culturing the micro-
bial organisms of the invention for the production of butadi-
ene or crotyl alcohol.

In addition to renewable feedstocks such as those exempli-
fied above, the butadiene or crotyl alcohol microbial organ-
isms of the invention also can be modified for growth on
syngas as its source of carbon. In this specific embodiment,
one or more proteins or enzymes are expressed in the butadi-
ene or crotyl alcohol producing organisms to provide a meta-
bolic pathway for utilization of syngas or other gaseous car-
bon source.

Synthesis gas, also known as syngas or producer gas, is the
major product of gasification of coal and of carbonaceous
materials such as biomass materials, including agricultural
crops and residues. Syngas is a mixture primarily of H, and
CO and can be obtained from the gasification of any organic
feedstock, including but not limited to coal, coal oil, natural
gas, biomass, and waste organic matter. Gasification is gen-
erally carried out under a high fuel to oxygen ratio. Although
largely H, and CO, syngas can also include CO, and other
gases in smaller quantities. Thus, synthesis gas provides a
cost effective source of gaseous carbon such as CO and,
additionally, CO,.

The Wood-I jungdahl pathway catalyzes the conversion of
CO and H, to acetyl-CoA and other products such as acetate.
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Organisms capable of utilizing CO and syngas also generally
have the capability of utilizing CO, and CO,/H, mixtures
through the same basic set of enzymes and transformations
encompassed by the Wood-Ljungdahl pathway. H,-depen-
dent conversion of CO, to acetate by microorganisms was
recognized long before it was revealed that CO also could be
used by the same organisms and that the same pathways were
involved. Many acetogens have been shown to grow in the
presence of CO, and produce compounds such as acetate as
long as hydrogen is present to supply the necessary reducing
equivalents (see for example, Drake, Acetogenesis, pp. 3-60
Chapman and Hall, New York, (1994)). This can be summa-
rized by the following equation:

2C0,+4H,+#ADP+1Pi—>CH;COOH+2H,0+1ATP

Hence, non-naturally occurring microorganisms possess-
ing the Wood-Ljungdahl pathway can utilize CO, and H,
mixtures as well for the production of acetyl-CoA and other
desired products.

The Wood-Ljungdahl pathway is well known in the art and
consists of 12 reactions which can be separated into two
branches: (1) methyl branch and (2) carbonyl branch. The
methyl branch converts syngas to methyl-tetrahydrofolate
(methyl-THF) whereas the carbonyl branch converts methyl-
THF to acetyl-CoA. The reactions in the methyl branch are
catalyzed in order by the following enzymes or proteins:
ferredoxin  oxidoreductase, formate dehydrogenase,
formyltetrahydrofolate synthetase, methenyltetrahydrofolate
cyclodehydratase, methylenetetrahydrofolate dehydroge-
nase and methylenetetrahydrofolate reductase. The reactions
in the carbonyl branch are catalyzed in order by the following
enzymes or proteins: methyltetrahydrofolate:corrinoid pro-
tein methyltransferase (for example, AcsE), corrinoid iron-
sulfur protein, nickel-protein assembly protein (for example,
AcsF), ferredoxin, acetyl-CoA synthase, carbon monoxide
dehydrogenase and nickel-protein assembly protein (for
example, CooC). Following the teachings and guidance pro-
vided herein for introducing a sufficient number of encoding
nucleic acids to generate a butadiene or crotyl alcohol path-
way, those skilled in the art will understand that the same
engineering design also can be performed with respect to
introducing at least the nucleic acids encoding the Wood-
Ljungdahl enzymes or proteins absent in the host organism.
Therefore, introduction of one or more encoding nucleic
acids into the microbial organisms of the invention such that
the modified organism contains the complete Wood-
Ljungdahl pathway will confer syngas utilization ability.

Additionally, the reductive (reverse) tricarboxylic acid
cycle coupled with carbon monoxide dehydrogenase and/or
hydrogenase activities can also be used for the conversion of
CO, CO, and/or H, to acetyl-CoA and other products such as
acetate. Organisms capable of fixing carbon via the reductive
TCA pathway can utilize one or more of the following
enzymes: ATP citrate-lyase, citrate lyase, aconitase, isocitrate
dehydrogenase, alpha-ketoglutarate:ferredoxin oxidoreduc-
tase, succinyl-CoA synthetase, succinyl-CoA transferase,
fumarate reductase, fumarase, malate dehydrogenase, NAD
(P)H:ferredoxin oxidoreductase, carbon monoxide dehydro-
genase, and hydrogenase. Specifically, the reducing equiva-
lents extracted from CO and/or H, by carbon monoxide
dehydrogenase and hydrogenase are utilized to fix CO, via
the reductive TCA cycle into acetyl-CoA or acetate. Acetate
can be converted to acetyl-CoA by enzymes such as acetyl-
CoA transferase, acetate kinase/phosphotransacetylase, and
acetyl-CoA synthetase. Acetyl-CoA can be converted to the
butadiene or crotyl alcohol precursors, glyceraldehyde-3-
phosphate, phosphoenolpyruvate, and pyruvate, by pyruvate:

15

20

40

45

54

ferredoxin oxidoreductase and the enzymes of gluconeogen-
esis. Following the teachings and guidance provided herein
for introducing a sufficient number of encoding nucleic acids
to generate a butadiene or a crotyl alcohol pathway, those
skilled in the art will understand that the same engineering
design also can be performed with respect to introducing at
least the nucleic acids encoding the reductive TCA pathway
enzymes or proteins absent in the host organism. Therefore,
introduction of one or more encoding nucleic acids into the
microbial organisms of the invention such that the modified
organism contains a reductive TCA pathway can confer syn-
gas utilization ability.

Accordingly, given the teachings and guidance provided
herein, those skilled in the art will understand that a non-
naturally occurring microbial organism can be produced that
secretes the biosynthesized compounds of the invention when
grown on a carbon source such as a carbohydrate. Such com-
pounds include, for example, butadiene and any of the inter-
mediate metabolites in the butadiene pathway. All that is
required is to engineer in one or more of the required enzyme
or protein activities to achieve biosynthesis of the desired
compound or intermediate including, for example, inclusion
of some or all of the butadiene biosynthetic pathways.
Accordingly, the invention provides a non-naturally occur-
ring microbial organism that produces and/or secretes buta-
diene when grown on a carbohydrate or other carbon source
and produces and/or secretes any of the intermediate metabo-
lites shown in the butadiene pathway when grown on a car-
bohydrate or other carbon source. The butadiene producing
microbial organisms of the invention can initiate synthesis
from an intermediate, for example, acetoacetyl-CoA, 3-hy-
droxybutyryl-CoA, crotonyl-CoA, crotonaldehyde, crotyl
alcohol, 2-betenyl-phosphate, 2-butenyl-4-diphosphate,
erythritol-4-phosphate, 4-(cytidine 5'-diphospho)-erythritol,
2-phospho-4-(cytidine 5'-diphospho)-erythritol, erythritol-2,
4-cyclodiphosphate, 1-hydroxy-2-butenyl 4-diphosphate,
butenyl 4-diphosphate, 2-butenyl 4-diphosphate, 3-oxoglu-
taryl-CoA, 3-hydroxyglutaryl-CoA, 3-hydroxy-5-oxopen-
tanoate, 3,5-dihydroxy pentanoate, 3-hydroxy-5-phospho-
natooxypentanoate, 3-hydroxy-5-[hydroxy(phosphonooxy)
phosphoryl]oxy pentanoate, crotonate, erythrose, erythritol,
3,5-dioxopentanoate or 5-hydroxy-3-oxopentanoate.

The non-naturally occurring microbial organisms of the
invention are constructed using methods well known in the art
as exemplified herein to exogenously express at least one
nucleic acid encoding a butadiene or a crotyl alcohol pathway
enzyme or protein in sufficient amounts to produce butadiene
or crotyl alcohol. It is understood that the microbial organ-
isms of the invention are cultured under conditions sufficient
to produce butadiene or crotyl alcohol. Following the teach-
ings and guidance provided herein, the non-naturally occur-
ring microbial organisms of the invention can achieve bio-
synthesis of butadiene or crotyl alcohol resulting in
intracellular concentrations between about 0.001-2000 mM
or more. Generally, the intracellular concentration of butadi-
ene or crotyl alcohol is between about 3-1500 mM, particu-
larly between about 5-1250 mM and more particularly
between about 8-1000 mM, including about 10 mM, 100 mM,
200 mM, 500 mM, 800 mM, or more. Intracellular concen-
trations between and above each of these exemplary ranges
also can be achieved from the non-naturally occurring micro-
bial organisms of the invention.

In some embodiments, culture conditions include anaero-
bic or substantially anaerobic growth or maintenance condi-
tions. Exemplary anaerobic conditions have been described
previously and are well known in the art. Exemplary anaero-
bic conditions for fermentation processes are described
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herein and are described, for example, in U.S. publication
2009/0047719, filed Aug. 10, 2007. Any of these conditions
can be employed with the non-naturally occurring microbial
organisms as well as other anaerobic conditions well known
in the art. Under such anaerobic or substantially anaerobic
conditions, the butadiene or crotyl alcohol producers can
synthesize butadiene or crotyl alcohol at intracellular concen-
trations of 5-10 mM or more as well as all other concentra-
tions exemplified herein. It is understood that, even though
the above description refers to intracellular concentrations,
butadiene or crotyl alcohol producing microbial organisms
can produce butadiene or crotyl alcohol intracellularly and/or
secrete the product into the culture medium.

In addition to the culturing and fermentation conditions
disclosed herein, growth condition for achieving biosynthesis
of butadiene or crotyl alcohol can include the addition of an
osmoprotectant to the culturing conditions. In certain
embodiments, the non-naturally occurring microbial organ-
isms of the invention can be sustained, cultured or fermented
as described herein in the presence of an osmoprotectant.
Briefly, an osmoprotectant refers to a compound that acts as
an osmolyte and helps a microbial organism as described
herein survive osmotic stress. Osmoprotectants include, but
are not limited to, betaines, amino acids, and the sugar treha-
lose. Non-limiting examples of such are glycine betaine, pra-
line betaine, dimethylthetin, dimethylslfonioproprionate,
3-dimethylsulfonio-2-methylproprionate, pipecolic acid,
dimethylsulfonioacetate, choline, I.-carnitine and ectoine. In
one aspect, the osmoprotectant is glycine betaine. It is under-
stood to one of ordinary skill in the art that the amount and
type of osmoprotectant suitable for protecting a microbial
organism described herein from osmotic stress will depend on
the microbial organism used. The amount of osmoprotectant
in the culturing conditions can be, for example, no more than
about 0.1 mM, no more than about 0.5 mM, no more than
about 1.0 mM, no more than about 1.5 mM, no more than
about 2.0 mM, no more than about 2.5 mM, no more than
about 3.0 mM, no more than about 5.0 mM, no more than
about 7.0 mM, no more than about 10 mM, no more than
about 50 mM, no more than about 100 mM or no more than
about 500 mM.

In some embodiments, the carbon feedstock and other
cellular uptake sources such as phosphate, ammonia, sulfate,
chloride and other halogens can be chosen to alter the isotopic
distribution of the atoms present in butadiene or crotyl alco-
hol or any butadiene or crotyl alcohol pathway intermediate.
The various carbon feedstock and other uptake sources enu-
merated above will be referred to herein, collectively, as
“uptake sources.” Uptake sources can provide isotopic
enrichment for any atom present in the product butadiene or
crotyl alcohol or butadiene or crotyl alcohol pathway inter-
mediate including any butadiene or crotyl alcohol impurities
generated in diverging away from the pathway at any point.
Isotopic enrichment can be achieved for any target atom
including, for example, carbon, hydrogen, oxygen, nitrogen,
sulfur, phosphorus, chloride or other halogens.

In some embodiments, the uptake sources can be selected
to alter the carbon-12, carbon-13, and carbon-14 ratios. In
some embodiments, the uptake sources can be selected to
alter the oxygen-16, oxygen-17, and oxygen-18 ratios. In
some embodiments, the uptake sources can be selected to
alter the hydrogen, deuterium, and tritium ratios. In some
embodiments, the uptake sources can be selected to alter the
nitrogen-14 and nitrogen-15 ratios. In some embodiments,
the uptake sources can be selected to alter the sulfur-32,
sulfur-33, sulfur-34, and sulfur-35 ratios. In some embodi-
ments, the uptake sources can be selected to alter the phos-
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phorus-31, phosphorus-32, and phosphorus-33 ratios. In
some embodiments, the uptake sources can be selected to
alter the chlorine-35, chlorine-36, and chlorine-37 ratios.

In some embodiments, the isotopic ratio of a target atom
can be varied to a desired ratio by selecting one or more
uptake sources. An uptake source can be derived from a
natural source, as found in nature, or from a man-made
source, and one skilled in the art can select a natural source, a
man-made source, or a combination thereof, to achieve a
desired isotopic ratio of a target atom. An example of a man-
made uptake source includes, for example, an uptake source
that is at least partially derived from a chemical synthetic
reaction. Such isotopically enriched uptake sources can be
purchased commercially or prepared in the laboratory and/or
optionally mixed with a natural source of the uptake source to
achieve a desired isotopic ratio. In some embodiments, a
target atom isotopic ratio of an uptake source can be achieved
by selecting a desired origin of the uptake source as found in
nature. For example, as discussed herein, a natural source can
be a biobased derived from or synthesized by a biological
organism or a source such as petroleum-based products or the
atmosphere. In some such embodiments, a source of carbon,
for example, can be selected from a fossil fuel-derived carbon
source, which can be relatively depleted of carbon-14, or an
environmental or atmospheric carbon source, such as CO,,
which can possess a larger amount of carbon-14 than its
petroleum-derived counterpart.

The unstable carbon isotope carbon-14 or radiocarbon
makes up for roughly 1 in 102 carbon atoms in the earth’s
atmosphere and has a half-life of about 5700 years. The stock
of carbon is replenished in the upper atmosphere by a nuclear
reaction involving cosmic rays and ordinary nitrogen (**N).
Fossil fuels contain no carbon-14, as it decayed long ago.
Burning of fossil fuels lowers the atmospheric carbon-14
fraction, the so-called “Suess effect”.

Methods of determining the isotopic ratios of atoms in a
compound are well known to those skilled in the art. Isotopic
enrichment is readily assessed by mass spectrometry using
techniques known in the art such as accelerated mass spec-
trometry (AMS), Stable Isotope Ratio Mass Spectrometry
(SIRMS) and Site-Specific Natural Isotopic Fractionation by
Nuclear Magnetic Resonance (SNIF-NMR). Such mass spec-
tral techniques can be integrated with separation techniques
such as liquid chromatography (L.C), high performance liquid
chromatography (HPL.C) and/or gas chromatography, and the
like.

In the case of carbon, ASTM D6866 was developed in the
United States as a standardized analytical method for deter-
mining the biobased content of solid, liquid, and gaseous
samples using radiocarbon dating by the American Society
for Testing and Materials (ASTM) International. The stan-
dard is based on the use of radiocarbon dating for the deter-
mination of a product’s biobased content. ASTM D6866 was
first published in 2004, and the current active version of the
standard is ASTM D6866-11 (effective Apr. 1, 2011). Radio-
carbon dating techniques are well known to those skilled in
the art, including those described herein.

The biobased content of a compound is estimated by the
ratio of carbon-14 (**C) to carbon-12 (**C). Specifically, the
Fraction Modern (Fm) is computed from the expression: Fm=
(S-B)/(M-B), where B, S and M represent the **C/**C ratios
of the blank, the sample and the modern reference, respec-
tively. Fraction Modern is a measurement of the deviation of
the *C/*2C ratio of a sample from “Modern.”” Modern is
defined as 95% of the radiocarbon concentration (in AD
1950) of National Bureau of Standards (NBS) Oxalic Acid |
(i.e., standard reference materials (SRM) 4990b) normalized
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to 8'3Cpps——19 per mil (Olsson, The use of Oxalic acid as
a Standard. in, Radiocarbon Variations and Absolute Chro-
nology, Nobel Symposium, 12th Proc., John Wiley & Sons,
New York (1970)). Mass spectrometry results, for example,
measured by ASM, are calculated using the internationally
agreed upon definition of 0.95 times the specific activity of
NBS Oxalic Acid I (SRM 4990b) normalized to " 3C 5=
19 per mil. This is equivalent to an absolute (AD 1950)
Y4C/12C ratio of 1.176+0.010x107'% (Karlen et al., Arkiv
Geofysik, 4:465-471 (1968)). The standard calculations take
into account the differential uptake of one istope with respect
to another, for example, the preferential uptake in biological
systems of C'? over C'* over C'*, and these corrections are
reflected as a Fm corrected for 8'3.

An oxalic acid standard (SRM 4990b or HOx 1) was made
from a crop of 1955 sugar beet. Although there were 1000 Ibs
made, this oxalic acid standard is no longer commercially
available. The Oxalic Acid II standard (HOx 2; N.I.S.T des-
ignation SRM 4990 C) was made from a crop of 1977 French
beet molasses. In the early 1980’s, a group of 12 laboratories
measured the ratios of the two standards. The ratio of the
activity of Oxalic acid Il to 1 is 1.2933+0.001 (the weighted
mean). The isotopic ratio of HOx 11 is —17.8 per mille. ASTM
D6866-11 suggests use of the available Oxalic Acid II stan-
dard SRM 4990 C (Hox2) for the modern standard (see dis-
cussion of original vs. currently available oxalic acid stan-
dards in Mann, Radiocarbon, 25(2):519-527 (1983)). A
Fm=0% represents the entire lack of carbon-14 atoms in a
material, thus indicating a fossil (for example, petroleum
based) carbon source. A Fm=100%, after correction for the
post-1950 injection of carbon-14 into the atmosphere from
nuclear bomb testing, indicates an entirely modern carbon
source. As described herein, such a “modern” source includes
biobased sources.

As described in ASTM D6866, the percent modern carbon
(pMC) can be greater than 100% because of the continuing
but diminishing effects of the 1950s nuclear testing programs,
which resulted in a considerable enrichment of carbon-14 in
the atmosphere as described in ASTM D6866-11. Because all
sample carbon-14 activities are referenced to a “pre-bomb”
standard, and because nearly all new biobased products are
produced in a post-bomb environment, all pMC values (after
correction for isotopic fraction) must be multiplied by 0.95
(as 0f 2010) to better reflect the true biobased content of the
sample. A biobased content that is greater than 103% suggests
that either an analytical error has occurred, or that the source
of biobased carbon is more than several years old.

ASTM D6866 quantifies the biobased content relative to
the material’s total organic content and does not consider the
inorganic carbon and other non-carbon containing substances
present. For example, a product that is 50% starch-based
material and 50% water would be considered to have a Bio-
based Content=100% (50% organic content that is 100%
biobased) based on ASTM D6866. In another example, a
product that is 50% starch-based material, 25% petroleum-
based, and 25% water would have a Biobased Con-
tent=66.7% (75% organic content but only 50% of the prod-
uct is biobased). In another example, a product that is 50%
organic carbon and is a petroleum-based product would be
considered to have a Biobased Content=0% (50% organic
carbon but from fossil sources). Thus, based on the well
known methods and known standards for determining the
biobased content of a compound or material, one skilled in the
art can readily determine the biobased content and/or pre-
pared downstream products that utilize of the invention hav-
ing a desired biobased content.
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Applications of carbon-14 dating techniques to quantify
bio-based content of materials are known in the art (Currie et
al., Nuclear Instruments and Methods in Physics Research B,
172:281-287 (2000)). For example, carbon-14 dating has
been used to quantify bio-based content in terephthalate-
containing materials (Colonna et al., Green Chemistry,
13:2543-2548 (2011)). Notably, polypropylene terephthalate
(PPT) polymers derived from renewable 1,3-propanediol and
petroleum-derived terephthalic acid resulted in Fm values
near 30% (i.e., since 3/11 of the polymeric carbon derives
from renewable 1,3-propanediol and 8/11 from the fossil end
member terephthalic acid) (Currie et al., supra, 2000). In
contrast, polybutylene terephthalate polymer derived from
both renewable 1,4-butanediol and renewable terephthalic
acid resulted in bio-based content exceeding 90% (Colonna et
al., supra, 2011).

Accordingly, in some embodiments, the present invention
provides butadiene or crotyl alcohol or a butadiene or crotyl
alcohol intermediate that has a carbon-12, carbon-13, and
carbon-14 ratio that reflects an atmospheric carbon, also
referred to as enviromental carbon, uptake source. For
example, in some aspects the butadiene or crotyl alcohol or a
butadiene or crotyl alcohol intermediate can have an Fm value
of at least 10%, at least 15%, at least 20%, at least 25%, at
least 30%, at least 35%, at least 40%, at least 45%, at least
50%, at least 55%, at least 60%, at least 65%, at least 70%, at
least 75%, at least 80%, at least 85%, at least 90%, at least
95%, at least 98% or as much as 100%. In some such embodi-
ments, the uptake source is CO,. In some embodiments, the
present invention provides butadiene or crotyl alcohol or a
butadiene or crotyl alcohol intermediate that has a carbon-12,
carbon-13, and carbon-14 ratio that reflects petroleum-based
carbon uptake source. In this aspect, the butadiene or crotyl
alcohol or a butadiene or crotyl alcohol intermediate can have
an Fm value of less than 95%, less than 90%, less than 85%,
less than 80%, less than 75%, less than 70%, less than 65%,
less than 60%, less than 55%, less than 50%, less than 45%,
less than 40%, less than 35%, less than 30%, less than 25%,
less than 20%, less than 15%, less than 10%, less than 5%,
less than 2% or less than 1%. In some embodiments, the
present invention provides butadiene or crotyl alcohol or a
butadiene or crotyl alcohol intermediate that has a carbon-12,
carbon-13, and carbon-14 ratio that is obtained by a combi-
nation of an atmospheric carbon uptake source with a petro-
leum-based uptake source. Using such a combination of
uptake sources is one way by which the carbon-12, carbon-
13, and carbon-14 ratio can be varied, and the respective
ratios would reflect the proportions of the uptake sources.

Further, the present invention relates to the biologically
produced butadiene or crotyl alcohol or butadiene or crotyl
alcohol intermediate as disclosed herein, and to the products
derived therefrom, wherein the butadiene or crotyl alcohol or
a butadiene or crotyl alcohol intermediate has a carbon-12,
carbon-13, and carbon-14 isotope ratio of about the same
value as the CO, that occurs in the environment. For example,
in some aspects the invention provides bioderived butadiene
or crotyl alcohol or a bioderived butadiene or crotyl alcohol
intermediate having a carbon-12 versus carbon-13 versus
carbon-14 isotope ratio of about the same value as the CO,
that occurs in the environment, or any of the other ratios
disclosed herein. It is understood, as disclosed herein, that a
product can have a carbon-12 versus carbon-13 versus car-
bon-14 isotope ratio of about the same value as the CO, that
occurs in the environment, or any of the ratios disclosed
herein, wherein the product is generated from bioderived
butadiene or crotyl alcohol or a bioderived butadiene or crotyl
alcohol intermediate as disclosed herein, wherein the bio-
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derived product is chemically modified to generate a final
product. Methods of chemically modifying a bioderived
product of butadiene or crotyl alcohol, or an intermediate
thereof, to generate a desired product are well known to those
skilled in the art, as described herein. The invention further
provides a polymer, synthetic rubber, resin, chemical, mono-
mer, fine chemical, agricultural chemical, or pharmaceutical
having a carbon-12 versus carbon-13 versus carbon-14 iso-
tope ratio of about the same value as the CO, that occurs in the
environment, wherein the polymer, synthetic rubber, resin,
chemical, monomer, fine chemical, agricultural chemical, or
pharmaceutical is generated directly from or in combination
with bioderived butadiene or crotyl alcohol or a bioderived
butadiene or crotyl alcohol intermediate as disclosed herein.

Butadiene is a chemical commonly used in many commer-
cial and industrial applications. Non-limiting examples of
such applications include production of polymers, such as
synthetic rubbers and ABS resins, and chemicals, such as
hexamethylenediamine and 1,4-butanediol. Accordingly, in
some embodiments, the invention provides a biobased poly-
mer, synthetic rubber, resin, or chemical comprising one or
more bioderived butadiene or bioderived butadiene interme-
diate produced by a non-naturally occurring microorganism
of'the invention or produced using a method disclosed herein.

Crotyl alcohol is a chemical commonly used in many com-
mercial and industrial applications. Non-limiting examples
of such applications include production of crotyl halides,
esters, and ethers, which in turn are chemical are chemical
intermediates in the production of monomers, fine chemicals,
such as sorbic acid, trimethylhydroquinone, crotonic acid and
3-methoxybutanol, agricultural chemicals, and pharmaceuti-
cals. Crotyl alcohol can also be used as a precursor in the
production of 1,3-butadiene. Accordingly, in some embodi-
ments, the invention provides a biobased monomer, fine
chemical, agricultural chemical, or pharmaceutical compris-
ing one or more bioderived crotyl alcohol or bioderived crotyl
alcohol intermediate produced by a non-naturally occurring
microorganism of the invention or produced using a method
disclosed herein.

As used herein, the term “bioderived” means derived from
or synthesized by a biological organism and can be consid-
ered a renewable resource since it can be generated by a
biological organism. Such a biological organism, in particular
the microbial organisms ofthe invention disclosed herein, can
utilize feedstock or biomass, such as, sugars or carbohydrates
obtained from an agricultural, plant, bacterial, or animal
source. Alternatively, the biological organism can utilize
atmospheric carbon. As used herein, the term “biobased”
means a product as described above that is composed, in
whole or in part, of a bioderived compound of the invention.
A biobased or bioderived product is in contrast to a petroleum
derived product, wherein such a product is derived from or
synthesized from petroleum or a petrochemical feedstock.

In some embodiments, the invention provides a biobased
polymer, synthetic rubber, resin, or chemical comprising bio-
derived butadiene or bioderived butadiene intermediate,
wherein the bioderived butadiene or bioderived butadiene
intermediate includes all or part of the butadiene or butadiene
intermediate used in the production of polymer, synthetic
rubber, resin, or chemical. Thus, in some aspects, the inven-
tion provides a biobased polymer, synthetic rubber, resin, or
chemical comprising at least 2%, at least 3%, at least 5%, at
least 10%, at least 15%, at least 20%, at least 25%, at least
30%, at least 35%, at least 40%, at least 50%, at least 60%, at
least 70%, at least 80%, at least 90%, at least 95%, at least
98% or 100% bioderived butadiene or bioderived butadiene
intermediate as disclosed herein. Additionally, in some
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aspects, the invention provides a biobased polymer, synthetic
rubber, resin, or chemical wherein the butadiene or butadiene
intermediate used in its production is a combination of bio-
derived and petroleum derived butadiene or butadiene inter-
mediate. For example, a biobased polymer, synthetic rubber,
resin, or chemical can be produced using 50% bioderived
butadiene and 50% petroleum derived butadiene or other
desired ratios such as 60%/40%, 70%/30%, 80%/20%, 90%/
10%, 95%/5%, 100%/0%, 40%/60%, 30%/70%, 20%/80%,
10%/90% of bioderived/petroleum derived precursors, so
long as atleast a portion of the product comprises a bioderived
product produced by the microbial organisms disclosed
herein. It is understood that methods for producing polymer,
synthetic rubber, resin, or chemical using the bioderived buta-
diene or bioderived butadiene intermediate of the invention
are well known in the art.

In some embodiments, the invention provides a biobased
monomer, fine chemical, agricultural chemical, or pharma-
ceutical comprising bioderived crotyl alcohol or bioderived
crotyl alcohol intermediate, wherein the bioderived crotyl
alcohol or bioderived crotyl alcohol intermediate includes all
or part of the crotyl alcohol or crotyl alcohol intermediate
used in the production of monomer, fine chemical, agricul-
tural chemical, or pharmaceutical. Thus, in some aspects, the
invention provides a biobased monomer, fine chemical, agri-
cultural chemical, or pharmaceutical comprising at least 2%,
at least 3%, at least 5%, at least 10%, at least 15%, at least
20%, at least 25%, at least 30%, at least 35%, at least 40%, at
least 50%, at least 60%, at least 70%, at least 80%, at least
90%, at least 95%, at least 98% or 100% bioderived crotyl
alcohol or bioderived crotyl alcohol intermediate as disclosed
herein. Additionally, in some aspects, the invention provides
a biobased monomer, fine chemical, agricultural chemical, or
pharmaceutical wherein the crotyl alcohol or crotyl alcohol
intermediate used in its production is a combination of bio-
derived and petroleum derived crotyl alcohol or crotyl alcohol
intermediate. For example, a biobased monomer, fine chemi-
cal, agricultural chemical, or pharmaceutical can be produced
using 50% bioderived crotyl alcohol and 50% petroleum
derived crotyl alcohol or other desired ratios such as 60%/
40%, 70%/30%, 80%/20%, 90%/10%, 95%/5%, 100%/0%,
40%/60%, 30%/70%, 20%/80%, 10%/90% of bioderived/
petroleum derived precursors, so long as at least a portion of
the product comprises a bioderived product produced by the
microbial organisms disclosed herein. It is understood that
methods for producing monomer, fine chemical, agricultural
chemical, or pharmaceutical using the bioderived crotyl alco-
hol or bioderived crotyl alcohol intermediate of the invention
are well known in the art.

The culture conditions can include, for example, liquid
culture procedures as well as fermentation and other large
scale culture procedures. As described herein, particularly
useful yields of the biosynthetic products of the invention can
be obtained under anaerobic or substantially anaerobic cul-
ture conditions.

As described herein, one exemplary growth condition for
achieving biosynthesis of butadiene or crotyl alcohol includes
anaerobic culture or fermentation conditions. In certain
embodiments, the non-naturally occurring microbial organ-
isms of the invention can be sustained, cultured or fermented
under anaerobic or substantially anaerobic conditions.
Briefly, anaerobic conditions refers to an environment devoid
of oxygen. Substantially anaerobic conditions include, for
example, a culture, batch fermentation or continuous fermen-
tation such that the dissolved oxygen concentration in the
medium remains between 0 and 10% of saturation. Substan-
tially anaerobic conditions also includes growing or resting
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cells in liquid medium or on solid agar inside a sealed cham-
ber maintained with an atmosphere of less than 1% oxygen.
The percent of oxygen can be maintained by, for example,
sparging the culture with an N,/CO, mixture or other suitable
non-oxygen gas or gases.

The culture conditions described herein can be scaled up
and grown continuously for manufacturing of butadiene or
crotyl alcohol. Exemplary growth procedures include, for
example, fed-batch fermentation and batch separation; fed-
batch fermentation and continuous separation, or continuous
fermentation and continuous separation. All of these pro-
cesses are well known in the art. Fermentation procedures are
particularly useful for the biosynthetic production of com-
mercial quantities of butadiene or crotyl alcohol. Generally,
and as with non-continuous culture procedures, the continu-
ous and/or near-continuous production of butadiene or crotyl
alcohol will include culturing a non-naturally occurring buta-
diene or crotyl alcohol producing organism of the invention in
sufficient nutrients and medium to sustain and/or nearly sus-
tain growth in an exponential phase. Continuous culture
under such conditions can include, for example, growth for 1
day, 2, 3, 4, 5, 6 or 7 days or more. Additionally, continuous
culture can include longer time periods of 1 week, 2,3, 4 or 5
ormore weeks and up to several months. Alternatively, organ-
isms of the invention can be cultured for hours, if suitable for
a particular application. It is to be understood that the con-
tinuous and/or near-continuous culture conditions also can
include all time intervals in between these exemplary periods.
Itis further understood that the time of culturing the microbial
organism of the invention is for a sufficient period of time to
produce a sufficient amount of product for a desired purpose.

Fermentation procedures are well known in the art. Briefly,
fermentation for the biosynthetic production of butadiene or
crotyl alcohol can be utilized in, for example, fed-batch fer-
mentation and batch separation; fed-batch fermentation and
continuous separation, or continuous fermentation and con-
tinuous separation. Examples of batch and continuous fer-
mentation procedures are well known in the art.

In addition to the above fermentation procedures using the
butadiene or crotyl alcohol producers of the invention for
continuous production of substantial quantities of butadiene
or crotyl alcohol, the butadiene or crotyl alcohol producers
also can be, for example, simultaneously subjected to chemi-
cal synthesis procedures to convert the product to other com-
pounds or the product can be separated from the fermentation
culture and sequentially subjected to chemical or enzymatic
conversion to convert the product to other compounds, if
desired.

To generate better producers, metabolic modeling can be
utilized to optimize growth conditions. Modeling can also be
used to design gene knockouts that additionally optimize
utilization of the pathway (see, for example, U.S. patent pub-
lications US 2002/0012939, US 2003/0224363, US 2004/
0029149, US 2004/0072723, US 2003/0059792, US 2002/
0168654 and US 2004/0009466, and U.S. Pat. No. 7,127,
379). Modeling analysis allows reliable predictions of the
effects on cell growth of shifting the metabolism towards
more efficient production of butadiene or crotyl alcohol.

One computational method for identifying and designing
metabolic alterations favoring biosynthesis of a desired prod-
uct is the OptKnock computational framework (Burgard et
al., Biotechnol. Bioeng. 84:647-657 (2003)). OptKnock is a
metabolic modeling and simulation program that suggests
gene deletion or disruption strategies that result in genetically
stable microorganisms which overproduce the target product.
Specifically, the framework examines the complete metabolic
and/or biochemical network of a microorganism in order to
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suggest genetic manipulations that force the desired bio-
chemical to become an obligatory byproduct of cell growth.
By coupling biochemical production with cell growth
through strategically placed gene deletions or other func-
tional gene disruption, the growth selection pressures
imposed on the engineered strains after long periods of time
in a bioreactor lead to improvements in performance as a
result of the compulsory growth-coupled biochemical pro-
duction. Lastly, when gene deletions are constructed there is
a negligible possibility of the designed strains reverting to
their wild-type states because the genes selected by Opt-
Knock are to be completely removed from the genome.
Therefore, this computational methodology can be used to
either identify alternative pathways that lead to biosynthesis
of a desired product or used in connection with the non-
naturally occurring microbial organisms for further optimi-
zation of biosynthesis of a desired product.

Briefly, OptKnock is a term used herein to refer to a com-
putational method and system for modeling cellular metabo-
lism. The OptKnock program relates to a framework of mod-
els and methods that incorporate particular constraints into
flux balance analysis (FBA) models. These constraints
include, for example, qualitative kinetic information, quali-
tative regulatory information, and/or DNA microarray
experimental data. OptKnock also computes solutions to
various metabolic problems by, for example, tightening the
flux boundaries derived through flux balance models and
subsequently probing the performance limits of metabolic
networks in the presence of gene additions or deletions. Opt-
Knock computational framework allows the construction of
model formulations that allow an effective query of the per-
formance limits of metabolic networks and provides methods
for solving the resulting mixed-integer linear programming
problems. The metabolic modeling and simulation methods
referred to herein as OptKnock are described in, for example,
U.S. publication 2002/0168654, filed Jan. 10, 2002, in Inter-
national Patent No. PCT/US02/00660, filed Jan. 10, 2002,
and U.S. publication 2009/0047719, filed Aug. 10, 2007.

Another computational method for identifying and design-
ing metabolic alterations favoring biosynthetic production of
a product is a metabolic modeling and simulation system
termed SimPheny®. This computational method and system
is described in, for example, U.S. publication 2003/0233218,
filed Jun. 14, 2002, and in International Patent Application
No. PCT/US03/18838, filed Jun. 13, 2003. SimPheny® is a
computational system that can be used to produce a network
model in silico and to simulate the flux of mass, energy or
charge through the chemical reactions of a biological system
to define a solution space that contains any and all possible
functionalities of the chemical reactions in the system,
thereby determining a range of allowed activities for the
biological system. This approach is referred to as constraints-
based modeling because the solution space is defined by
constraints such as the known stoichiometry of the included
reactions as well as reaction thermodynamic and capacity
constraints associated with maximum fluxes through reac-
tions. The space defined by these constraints can be interro-
gated to determine the phenotypic capabilities and behavior
of the biological system or of its biochemical components.

These computational approaches are consistent with bio-
logical realities because biological systems are flexible and
can reach the same result in many different ways. Biological
systems are designed through evolutionary mechanisms that
have been restricted by fundamental constraints that all living
systems must face. Therefore, constraints-based modeling
strategy embraces these general realities. Further, the ability
to continuously impose further restrictions on a network
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model via the tightening of constraints results in a reduction
in the size of the solution space, thereby enhancing the pre-
cision with which physiological performance or phenotype
can be predicted.

Given the teachings and guidance provided herein, those
skilled in the art will be able to apply various computational
frameworks for metabolic modeling and simulation to design
and implement biosynthesis of a desired compound in host
microbial organisms. Such metabolic modeling and simula-
tion methods include, for example, the computational sys-
tems exemplified above as SimPheny® and OptKnock. For
illustration of the invention, some methods are described
herein with reference to the OptKnock computation frame-
work for modeling and simulation. Those skilled in the art
will know how to apply the identification, design and imple-
mentation of the metabolic alterations using OptKnock to any
of such other metabolic modeling and simulation computa-
tional frameworks and methods well known in the art.

The methods described above will provide one set of meta-
bolic reactions to disrupt. Elimination of each reaction within
the set or metabolic modification can result in a desired prod-
uct as an obligatory product during the growth phase of the
organism. Because the reactions are known, a solution to the
bilevel OptKnock problem also will provide the associated
gene or genes encoding one or more enzymes that catalyze
each reaction within the set of reactions. Identification of a set
of reactions and their corresponding genes encoding the
enzymes participating in each reaction is generally an auto-
mated process, accomplished through correlation of the reac-
tions with a reaction database having a relationship between
enzymes and encoding genes.

Once identified, the set of reactions that are to be disrupted
in order to achieve production of a desired product are imple-
mented in the target cell or organism by functional disruption
of at least one gene encoding each metabolic reaction within
the set. One particularly useful means to achieve functional
disruption of the reaction set is by deletion of each encoding
gene. However, in some instances, it can be beneficial to
disrupt the reaction by other genetic aberrations including, for
example, mutation, deletion of regulatory regions such as
promoters or cis binding sites for regulatory factors, or by
truncation of the coding sequence at any of a number of
locations. These latter aberrations, resulting in less than total
deletion ofthe gene set can be useful, for example, when rapid
assessments of the coupling of a product are desired or when
genetic reversion is less likely to occur.

To identify additional productive solutions to the above
described bilevel OptKnock problem which lead to further
sets of reactions to disrupt or metabolic modifications that can
result in the biosynthesis, including growth-coupled biosyn-
thesis of a desired product, an optimization method, termed
integer cuts, can be implemented. This method proceeds by
iteratively solving the OptKnock problem exemplified above
with the incorporation of an additional constraint referred to
as an integer cut at each iteration. Integer cut constraints
effectively prevent the solution procedure from choosing the
exact same set of reactions identified in any previous iteration
that obligatorily couples product biosynthesis to growth. For
example, if a previously identified growth-coupled metabolic
modification specifies reactions 1, 2, and 3 for disruption,
then the following constraint prevents the same reactions
from being simultaneously considered in subsequent solu-
tions. The integer cut method is well known in the art and can
be found described in, for example, Burgard et al., Biotech-
nol. Prog. 17:791-797 (2001). As with all methods described
herein with reference to their use in combination with the
OptKnock computational framework for metabolic modeling
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and simulation, the integer cut method of reducing redun-
dancy in iterative computational analysis also can be applied
with other computational frameworks well known in the art
including, for example, SimPheny®.

The methods exemplified herein allow the construction of
cells and organisms that biosynthetically produce a desired
product, including the obligatory coupling of production of a
target biochemical product to growth of the cell or organism
engineered to harbor the identified genetic alterations. There-
fore, the computational methods described herein allow the
identification and implementation of metabolic modifications
that are identified by an in silico method selected from Opt-
Knock or SimPheny®. The set of metabolic modifications
can include, for example, addition of one or more biosyn-
thetic pathway enzymes and/or functional disruption of one
or more metabolic reactions including, for example, disrup-
tion by gene deletion.

As discussed above, the OptKnock methodology was
developed on the premise that mutant microbial networks can
be evolved towards their computationally predicted maxi-
mum-growth phenotypes when subjected to long periods of
growth selection. In other words, the approach leverages an
organism’s ability to self-optimize under selective pressures.
The OptKnock framework allows for the exhaustive enu-
meration of gene deletion combinations that force a coupling
between biochemical production and cell growth based on
network stoichiometry. The identification of optimal gene/
reaction knockouts requires the solution of a bilevel optimi-
zation problem that chooses the set of active reactions such
that an optimal growth solution for the resulting network
overproduces the biochemical of interest (Burgard et al., Bio-
technol. Bioeng. 84:647-657 (2003)).

Aninsilico stoichiometric model of E. coli metabolism can
be employed to identify essential genes for metabolic path-
ways as exemplified previously and described in, for
example, U.S. patent publications US 2002/0012939, US
2003/0224363, US 2004/0029149, US 2004/0072723, US
2003/0059792, US 2002/0168654 and US 2004/0009466,
and in U.S. Pat. No. 7,127,379. As disclosed herein, the
OptKnock mathematical framework can be applied to pin-
point gene deletions leading to the growth-coupled produc-
tion of a desired product. Further, the solution of the bilevel
OptKnock problem provides only one set of deletions. To
enumerate all meaningful solutions, that is, all sets of knock-
outs leading to growth-coupled production formation, an
optimization technique, termed integer cuts, can be imple-
mented. This entails iteratively solving the OptKnock prob-
lem with the incorporation of an additional constraint referred
to as an integer cut at each iteration, as discussed above.

As disclosed herein, a nucleic acid encoding a desired
activity of a butadiene or crotyl alcohol pathway can be intro-
duced into a host organism. In some cases, it can be desirable
to modify an activity of a butadiene or crotyl alcohol pathway
enzyme or protein to increase production of butadiene or
crotyl alcohol. For example, known mutations that increase
the activity of a protein or enzyme can be introduced into an
encoding nucleic acid molecule. Additionally, optimization
methods can be applied to increase the activity of an enzyme
or protein and/or decrease an inhibitory activity, for example,
decrease the activity of a negative regulator.

One such optimization method is directed evolution.
Directed evolution is a powerful approach that involves the
introduction of mutations targeted to a specific gene in order
to improve and/or alter the properties of an enzyme. Improved
and/or altered enzymes can be identified through the devel-
opment and implementation of sensitive high-throughput
screening assays that allow the automated screening of many
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enzyme variants (for example, >10%). Iterative rounds of
mutagenesis and screening typically are performed to afford
an enzyme with optimized properties. Computational algo-
rithms that can help to identify areas of the gene for mutagen-
esis also have been developed and can significantly reduce the
number of enzyme variants that need to be generated and
screened. Numerous directed evolution technologies have
been developed (for reviews, see Hibbert et al., Biomol. Eng
22:11-19 (2005); Huisman and Lalonde, In Biocatalysis in
the pharmaceutical and biotechnology industries pgs. 717-
742 (2007), Patel (ed.), CRC Press; Otten and Quax. Biomol.
Eng 22:1-9 (2005).; and Sen et al., Appl Biochem. Biotechnol
143:212-223 (2007)) to be effective at creating diverse vari-
ant libraries, and these methods have been successfully
applied to the improvement of a wide range of properties
across many enzyme classes. Enzyme characteristics that
have been improved and/or altered by directed evolution tech-
nologies include, for example: selectivity/specificity, for con-
version of non-natural substrates; temperature stability, for
robust high temperature processing; pH stability, for biopro-
cessing under lower or higher pH conditions; substrate or
product tolerance, so that high product titers can be achieved;
binding (K,,), including broadening substrate binding to
include non-natural substrates; inhibition (K,), to remove
inhibition by products, substrates, or key intermediates; activ-
ity (kcat), to increases enzymatic reaction rates to achieve
desired flux; expression levels, to increase protein yields and
overall pathway flux; oxygen stability, for operation of air
sensitive enzymes under aerobic conditions; and anaerobic
activity, for operation of an aerobic enzyme in the absence of
oxygen.

Described below in more detail are exemplary methods
that have been developed for the mutagenesis and diversifi-
cation of genes to target desired properties of specific
enzymes. Such methods are well known to those skilled in the
art. Any of these can be used to alter and/or optimize the
activity of a butadiene or crotyl alcohol pathway enzyme or
protein.

EpPCR (Pritchard et al., J Theor. Biol. 234:497-509
(2005)) introduces random point mutations by reducing the
fidelity of DNA polymerase in PCR reactions by the addition
of Mn** ions, by biasing ANTP concentrations, or by other
conditional variations. The five step cloning process to con-
fine the mutagenesis to the target gene of interest involves: 1)
error-prone PCR amplification of the gene of interest; 2)
restriction enzyme digestion; 3) gel purification of the desired
DNA fragment; 4) ligation into a vector; 5) transformation of
the gene variants into a suitable host and screening of the
library for improved performance. This method can generate
multiple mutations in a single gene simultaneously, which
can be useful to screen a larger number of potential variants
having a desired activity. A high number of mutants can be
generated by EpPCR, so a high-throughput screening assay or
a selection method, for example, using robotics, is useful to
identify those with desirable characteristics.

Error-prone Rolling Circle Amplification (epRCA) (Fujii
etal., Nucleic Acids Res. 32:¢145 (2004); and Fujii etal., Nat.
Protoc. 1:2493-2497 (2006)) has many of the same elements
as epPCR except a whole circular plasmid is used as the
template and random 6-mers with exonuclease resistant thio-
phosphate linkages on the last 2 nucleotides are used to
amplify the plasmid followed by transformation into cells in
which the plasmid is re-circularized at tandem repeats.
Adjusting the Mn>* concentration can vary the mutation rate
somewhat. This technique uses a simple error-prone, single-
step method to create a full copy of the plasmid with 3-4
mutations/kbp. No restriction enzyme digestion or specific
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primers are required. Additionally, this method is typically
available as a commercially available kit.

DNA or Family Shuffling (Stemmer, Proc Natl Acad Sci
USA 91:10747-10751 (1994)); and Stemmer, Nature 370:
389-391 (1994)) typically involves digestion of two or more
variant genes with nucleases such as Dnase 1 or EndoV to
generate a pool of random fragments that are reassembled by
cycles of annealing and extension in the presence of DNA
polymerase to create a library of chimeric genes. Fragments
prime each other and recombination occurs when one copy
primes another copy (template switch). This method can be
used with >1 kbp DNA sequences. In addition to mutational
recombinants created by fragment reassembly, this method
introduces point mutations in the extension steps at a rate
similar to error-prone PCR. The method can be used to
remove deleterious, random and neutral mutations.

Staggered Extension (StEP) (Zhao et al., Nat. Biotechnol.
16:258-261 (1998)) entails template priming followed by
repeated cycles of 2 step PCR with denaturation and very
short duration of annealing/extension (as short as 5 sec).
Growing fragments anneal to different templates and extend
further, which is repeated until full-length sequences are
made. Template switching means most resulting fragments
have multiple parents. Combinations of low-fidelity poly-
merases (Taq and Mutazyme) reduce error-prone biases
because of opposite mutational spectra.

In Random Priming Recombination (RPR) random
sequence primers are used to generate many short DNA frag-
ments complementary to different segments of the template
(Shao et al., Nucleic Acids Res 26:681-683 (1998)). Base
misincorporation and mispriming via epPCR give point
mutations. Short DNA fragments prime one another based on
homology and are recombined and reassembled into full-
length by repeated thermocycling. Removal of templates
prior to this step assures low parental recombinants. This
method, like most others, can be performed over multiple
iterations to evolve distinct properties. This technology
avoids sequence bias, is independent of gene length, and
requires very little parent DNA for the application.

In Heteroduplex Recombination linearized plasmid DNA
is used to form heteroduplexes that are repaired by mismatch
repair (Volkov et al, Nucleic Acids Res. 27:e18 (1999); and
Volkov et al., Methods Enzymol. 328:456-463 (2000)). The
mismatch repair step is at least somewhat mutagenic. Hetero-
duplexes transform more efficiently than linear homodu-
plexes. This method is suitable for large genes and whole
operons.

Random Chimeragenesis on Transient Templates (RA-
CHITT) (Coco et al., Nat. Biotechnol. 19:354-359 (2001))
employs Dnase [ fragmentation and size fractionation of
single stranded DNA (ssDNA). Homologous fragments are
hybridized in the absence of polymerase to a complementary
ssDNA scaffold. Any overlapping unhybridized fragment
ends are trimmed down by an exonuclease. Gaps between
fragments are filled in and then ligated to give a pool of
full-length diverse strands hybridized to the scaffold, which
contains U to preclude amplification. The scaffold then is
destroyed and is replaced by a new strand complementary to
the diverse strand by PCR amplification. The method involves
one strand (scaffold) that is from only one parent while the
priming fragments derive from other genes; the parent scaf-
fold is selected against. Thus, no reannealing with parental
fragments occurs. Overlapping fragments are trimmed with
an exonuclease. Otherwise, this is conceptually similar to
DNA shuffling and StEP. Therefore, there should be no sib-
lings, few inactives, and no unshuftled parentals. This tech-
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nique has advantages in that few or no parental genes are
created and many more crossovers can result relative to stan-
dard DNA shuffling.

Recombined Extension on Truncated templates (RETT)
entails template switching of unidirectionally growing
strands from primers in the presence of unidirectional ssDNA
fragments used as a pool of templates (Lee et al., J. Molec.
Catalysis 26:119-129 (2003)). No DNA endonucleases are
used. Unidirectional ssDNA is made by DNA polymerase
with random primers or serial deletion with exonuclease.
Unidirectional ssDNA are only templates and not primers.
Random priming and exonucleases do not introduce
sequence bias as true of enzymatic cleavage of DNA shuf-
fling/RACHITT. RETT can be easier to optimize than StEP
because it uses normal PCR conditions instead of very short
extensions. Recombination occurs as a component of the
PCR steps, that is, no direct shuffling. This method can also be
more random than StEP due to the absence of pauses.

In Degenerate Oligonucleotide Gene Shuffling (DOGS)
degenerate primers are used to control recombination
between molecules; (Bergquist and Gibbs, Methods Mol.
Biol 352:191-204 (2007); Bergquist et al., Biomol. Eng
22:63-72 (2005); Gibbs et al., Gene 271:13-20 (2001)) this
can be used to control the tendency of other methods such as
DNA shuffling to regenerate parental genes. This method can
be combined with random mutagenesis (epPCR) of selected
gene segments. This can be a good method to block the
reformation of parental sequences. No endonucleases are
needed. By adjusting input concentrations of segments made,
one can bias towards a desired backbone. This method allows
DNA shuffling from unrelated parents without restriction
enzyme digests and allows a choice of random mutagenesis
methods.

Incremental Truncation for the Creation of Hybrid
Enzymes (ITCHY) creates a combinatorial library with 1
base pair deletions of a gene or gene fragment of interest
(Ostermeier et al., Proc. Natl. Acad. Sci. USA 96:3562-3567
(1999); and Ostermeier et al., Nat. Biotechnol. 17:1205-1209
(1999)). Truncations are introduced in opposite direction on
pieces of 2 different genes. These are ligated together and the
fusions are cloned. This technique does not require homology
between the 2 parental genes. When ITCHY is combined with
DNA shuffling, the system is called SCRATCHY (see below).
A major advantage of both is no need for homology between
parental genes; for example, functional fusions between an .
coli and a human gene were created via ITCHY. When
ITCHY libraries are made, all possible crossovers are cap-
tured.

Thio-Incremental Truncation for the Creation of Hybrid
Enzymes (THIO-ITCHY) is similar to ITCHY except that
phosphothioate ANTPs are used to generate truncations (Lutz
et al., Nucleic Acids Res 29:E16 (2001)). Relative to ITCHY,
THIO-ITCHY can be easier to optimize, provide more repro-
ducibility, and adjustability.

SCRATCHY combines two methods for recombining
genes, ITCHY and DNA shuffling (Lutz et al., Proc. Natl.
Acad. Sci. USA 98:11248-11253 (2001)). SCRATCHY com-
bines the best features of ITCHY and DNA shuffling. First,
ITCHY is used to create a comprehensive set of fusions
between fragments of genes in a DNA homology-indepen-
dent fashion. This artificial family is then subjected to a
DNA-shuffling step to augment the number of crossovers.
Computational predictions can be used in optimization.
SCRATCHY is more effective than DNA shuffling when
sequence identity is below 80%.

In Random Drift Mutagenesis (RNDM) mutations are
made via epPCR followed by screening/selection for those
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retaining usable activity (Bergquist et al., Biomol. Eng.
22:63-72 (2005)). Then, these are used in DOGS to generate
recombinants with fusions between multiple active mutants
or between active mutants and some other desirable parent.
Designed to promote isolation of neutral mutations; its pur-
pose is to screen for retained catalytic activity whether or not
this activity is higher or lower than in the original gene.
RNDM is usable in high throughput assays when screening is
capable of detecting activity above background. RNDM has
been used as a front end to DOGS in generating diversity. The
technique imposes a requirement for activity prior to shuf-
fling or other subsequent steps; neutral drift libraries are
indicated to result in higher/quicker improvements in activity
from smaller libraries. Though published using epPCR, this
could be applied to other large-scale mutagenesis methods.

Sequence Saturation Mutagenesis (SeSaM) is a random
mutagenesis method that: 1) generates a pool of random
length fragments using random incorporation of a phospho-
thioate nucleotide and cleavage; this pool is used as a template
to 2) extend in the presence of “universal” bases such as
inosine; 3) replication of an inosine-containing complement
gives random base incorporation and, consequently,
mutagenesis (Wong et al., Biotechnol. J. 3:74-82 (2008);
Wong et al., Nucleic Acids Res. 32:¢26 (2004); and Wong et
al., Anal. Biochem. 341:187-189 (2005)). Using this tech-
nique it can be possible to generate a large library of mutants
within 2 to 3 days using simple methods. This technique is
non-directed in comparison to the mutational bias of DNA
polymerases. Differences in this approach makes this tech-
nique complementary (or an alternative) to epPCR.

In Synthetic Shuffling, overlapping oligonucleotides are
designed to encode “all genetic diversity in targets” and allow
avery high diversity for the shuffled progeny (Ness et al., Nat.
Biotechnol. 20:1251-1255 (2002)). In this technique, one can
design the fragments to be shuffled. This aids in increasing the
resulting diversity of the progeny. One can design sequence/
codon biases to make more distantly related sequences
recombine at rates approaching those observed with more
closely related sequences. Additionally, the technique does
not require physically possessing the template genes.

Nucleotide Exchange and Excision Technology NexT
exploits a combination of dUTP incorporation followed by
treatment with uracil DNA glycosylase and then piperidine to
perform endpoint DNA fragmentation (Muller et al., Nucleic
Acids Res. 33:e117 (2005)). The gene is reassembled using
internal PCR primer extension with proofreading poly-
merase. The sizes for shuffling are directly controllable using
varying dUPT::dTTP ratios. This is an end point reaction
using simple methods for uracil incorporation and cleavage.
Other nucleotide analogs, such as 8-oxo-guanine, can be used
with this method. Additionally, the technique works well with
very short fragments (86 bp) and has a low error rate. The
chemical cleavage of DNA used in this technique results in
very few unshuffled clones.

In Sequence Homology-Independent Protein Recombina-
tion (SHIPREC), a linker is used to facilitate fusion between
two distantly related or unrelated genes. Nuclease treatment
is used to generate a range of chimeras between the two genes.
These fusions result in libraries of single-crossover hybrids
(Sieber et al., Nat. Biotechnol. 19:456-460 (2001)). This pro-
duces a limited type of shuffling and a separate process is
required for mutagenesis. In addition, since no homology is
needed, this technique can create a library of chimeras with
varying fractions of each of the two unrelated parent genes.
SHIPREC was tested with a heme-binding domain of a bac-
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terial CP450 fused to N-terminal regions of a mammalian
CP450; this produced mammalian activity in a more soluble
enzyme.

In Gene Site Saturation Mutagenesis™ (GSSM™) the
starting materials are a supercoiled dsDNA plasmid contain-
ing an insert and two primers which are degenerate at the
desired site of mutations (Kretz et al., Methods Enzymol.
388:3-11 (2004)). Primers carrying the mutation of interest,
anneal to the same sequence on opposite strands of DNA. The
mutation is typically in the middle of the primer and flanked
on each side by approximately 20 nucleotides of correct
sequence. The sequence in the primer is NNN or NNK (cod-
ing) and MNN (noncoding) (N=all 4, K=G, T, M=A, C). After
extension, Dpnl is used to digest dam-methylated DNA to
eliminate the wild-type template. This technique explores all
possible amino acid substitutions at a given locus (that is, one
codon). The technique facilitates the generation of all pos-
sible replacements at a single-site with no nonsense codons
and results in equal to near-equal representation of most
possible alleles. This technique does not require prior knowl-
edge of the structure, mechanism, or domains of the target
enzyme. If followed by shuffling or Gene Reassembly, this
technology creates a diverse library of recombinants contain-
ing all possible combinations of single-site up-mutations. The
usefulness of this technology combination has been demon-
strated for the successful evolution of over 50 different
enzymes, and also for more than one property in a given
enzyme.

Combinatorial Cassette Mutagenesis (CCM) involves the
use of short oligonucleotide cassettes to replace limited
regions with a large number of possible amino acid sequence
alterations (Reidhaar-Olson et al. Methods Enzymol. 208:
564-586 (1991); and Reidhaar-Olson et al. Science 241:53-57
(1988)). Simultaneous substitutions at two or three sites are
possible using this technique. Additionally, the method tests a
large multiplicity of possible sequence changes at a limited
range of sites. This technique has been used to explore the
information content of the lambda repressor DNA-binding
domain.

Combinatorial Multiple Cassette Mutagenesis (CMCM) is
essentially similar to CCM except it is employed as part of a
larger program: 1) use of epPCR at high mutation rate to 2)
identify hot spots and hot regions and then 3) extension by
CMCM to cover a defined region of protein sequence space
(Reetz et al., Angew. Chem. Int. Ed Engl. 40:3589-3591
(2001)). As with CCM, this method can test virtually all
possible alterations over a target region. If used along with
methods to create random mutations and shuffled genes, it
provides an excellent means of generating diverse, shuffled
proteins. This approach was successful in increasing, by
51-fold, the enantioselectivity of an enzyme.

In the Mutator Strains technique, conditional ts mutator
plasmids allow increases of 20 to 4000-X in random and
natural mutation frequency during selection and block accu-
mulation of deleterious mutations when selection is not
required (Selifonova et al., Appl. Environ. Microbiol.
67:3645-3649 (2001)). This technology is based on a plas-
mid-derived mutD5 gene, which encodes a mutant subunit of
DNA polymerase II1. This subunit binds to endogenous DNA
polymerase I1I and compromises the proofreading ability of
polymerase I1I in any strain that harbors the plasmid. A broad-
spectrum of base substitutions and frameshift mutations
occur. In order for effective use, the mutator plasmid should
be removed once the desired phenotype is achieved; this is
accomplished through a temperature sensitive (ts) origin of
replication, which allows for plasmid curing at 41° C. It
should be noted that mutator strains have been explored for
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quite some time (see Low et al., J. Mol. Biol. 260:359-3680
(1996)). In this technique, very high spontaneous mutation
rates are observed. The conditional property minimizes non-
desired background mutations. This technology could be
combined with adaptive evolution to enhance mutagenesis
rates and more rapidly achieve desired phenotypes.

Look-Through Mutagenesis (LTM) is a multidimensional
mutagenesis method that assesses and optimizes combinato-
rial mutations of selected amino acids (Rajpal et al., Proc.
Natl. Acad. Sci. USA 102:8466-8471 (2005)). Rather than
saturating each site with all possible amino acid changes, a set
of nine is chosen to cover the range of amino acid R-group
chemistry. Fewer changes per site allows multiple sites to be
subjected to this type of mutagenesis. A>800-fold increase in
binding affinity for an antibody from low nanomolar to pico-
molar has been achieved through this method. This is a ratio-
nal approach to minimize the number of random combina-
tions and can increase the ability to find improved traits by
greatly decreasing the numbers of clones to be screened. This
has been applied to antibody engineering, specifically to
increase the binding affinity and/or reduce dissociation. The
technique can be combined with either screens or selections.

Gene Reassembly is a DNA shuffling method that can be
applied to multiple genes at one time or to create a large
library of chimeras (multiple mutations) of a single gene
(Tunable GeneReassembly™ (TGR™) Technology supplied
by Verenium Corporation). Typically this technology is used
in combination with ultra-high-throughput screening to
query the represented sequence space for desired improve-
ments. This technique allows multiple gene recombination
independent of homology. The exact number and position of
cross-over events can be pre-determined using fragments
designed via bioinformatic analysis. This technology leads to
a very high level of diversity with virtually no parental gene
reformation and a low level of inactive genes. Combined with
GSSM™, a large range of mutations can be tested for
improved activity. The method allows “blending” and “fine
tuning” of DNA shuffling, for example, codon usage can be
optimized.

In Silico Protein Design Automation (PDA) is an optimi-
zation algorithm that anchors the structurally defined protein
backbone possessing a particular fold, and searches sequence
space for amino acid substitutions that can stabilize the fold
and overall protein energetics (Hayes et al., Proc. Natl. Acad.
Sci. USA 99:15926-15931 (2002)). This technology uses in
silico structure-based entropy predictions in order to search
for structural tolerance toward protein amino acid variations.
Statistical mechanics is applied to calculate coupling interac-
tions at each position. Structural tolerance toward amino acid
substitution is a measure of coupling. Ultimately, this tech-
nology is designed to yield desired modifications of protein
properties while maintaining the integrity of structural char-
acteristics. The method computationally assesses and allows
filtering of a very large number of possible sequence variants
(1050). The choice of sequence variants to test is related to
predictions based on the most favorable thermodynamics.
Ostensibly only stability or properties that are linked to sta-
bility can be effectively addressed with this technology. The
method has been successfully used in some therapeutic pro-
teins, especially in engineering immunoglobulins. In silico
predictions avoid testing extraordinarily large numbers of
potential variants. Predictions based on existing three-dimen-
sional structures are more likely to succeed than predictions
based on hypothetical structures. This technology can readily
predict and allow targeted screening of multiple simultaneous
mutations, something not possible with purely experimental
technologies due to exponential increases in numbers.
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Iterative Saturation Mutagenesis (ISM) involves: 1) using
knowledge of structure/function to choose a likely site for
enzyme improvement; 2) performing saturation mutagenesis
at chosen site using a mutagenesis method such as Stratagene
QuikChange (Stratagene; San Diego Calif.); 3) screening/
selecting for desired properties; and 4) using improved
clone(s), start over at another site and continue repeating until
adesired activity is achieved (Reetz et al., Nat. Protoc. 2:891-
903 (2007); and Reetz et al., Angew. Chem. Int. Ed Engl.
45:7745-7751 (2006)). This is a proven methodology, which
assures all possible replacements at a given position are made
for screening/selection.

Any of the aforementioned methods for mutagenesis can
be used alone or in any combination. Additionally, any one or
combination of the directed evolution methods can be used in
conjunction with adaptive evolution techniques, as described
herein.

It is understood that modifications which do not substan-
tially affect the activity of the various embodiments of this
invention are also provided within the definition of the inven-
tion provided herein. Accordingly, the following examples
are intended to illustrate but not limit the present invention.

EXAMPLE I
Pathways for Producing Butadiene

Disclosed herein are novel processes for the direct produc-
tion of butadiene using engineered non-natural microorgan-
isms that possess the enzymes necessary for conversion of
common metabolites into the four carbon diene, 1,3-butadi-
ene. One novel route to direct production of butadiene entails
reduction of the known butanol pathway metabolite crotonyl-
CoA to crotyl alcohol via reduction with aldehyde and alco-
hol dehydrogenases, followed by phosphorylation with
kinases to afford crotyl pyrophosphate and subsequent con-
version to butadiene using isoprene synthases or variants
thereof (see F1G. 2). Another route (FIG. 3) is a variant of the
well-characterized DXP pathway for isoprenoid biosynthe-
sis. In this route, the substrate lacks a 2-methyl group and
provides butadiene rather than isoprene via a butadiene syn-
thase. Such a butadiene synthase can be derived from an
isoprene synthase using methods, such as directed evolution,
as described herein. Finally, FIG. 4 shows a pathway to buta-
diene involving the substrate 3-hydroxyglutaryl-CoA, which
serves as a surrogate for the natural mevalonate pathway
substrate 3-hydroxy-3-methyl-glutaryl-CoA (shown in FIG.
1). Enzyme candidates for steps A-P of FIG. 2, steps A-K of
FIG. 3 and steps A-O of FIG. 4 are provided below.
Acetyl-CoA:acetyl-CoA acyltransferase (FIG. 2, Step A)

Acetoacetyl-CoA thiolase converts two molecules of
acetyl-CoA into one molecule each of acetoacetyl-CoA and
CoA. Exemplary acetoacetyl-CoA thiolase enzymes include
the gene products of atoB from E. coli (Martin et al., Nat.
Biotechnol 21:796-802 (2003)), thlA and 122 thiB from C.
acetobutylicum (Hanai et al., Appl/ Environ Microbiol
73:7814-7818 (2007); Winzer et al., J. Mol. Microbiol Bio-
technol 2:531-541 (2000)), and ERG10 from S. cerevisiae
(Hiser et al., J. Biol. Chem. 269:31383-31389 (1994)).

Protein GenBank ID GI number  Organism

AtoB NP_416728 16130161 Escherichia coli

ThlA NP__349476.1 15896127 Clostridium acetobutylicum
ThiB NP_149242.1 15004782 Clostridium acetobutylicum
ERG10 NP_ 015297 6325229 Saccharomyces cerevisiae
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Acetoacetyl-CoA reductase (FIG. 2, Step B)

Acetoacetyl-CoA reductase catalyzing the reduction of
acetoacetyl-CoA to 3-hydroxybutyryl-CoA participates in
the acetyl-CoA fermentation pathway to butyrate in several
species of Clostridia and has been studied in detail (Jones et
al., Microbiol Rev. 50:484-524 (1986)). The enzyme from
Clostridium acetobutylicum, encoded by hbd, has been
cloned and functionally expressed in E. coli (Youngleson et
al., J Bacteriol. 171:6800-6807 (1989)). Additionally, sub-
units of two fatty acid oxidation complexes in £. coli, encoded
by fadB and fadl, function as 3-hydroxyacyl-CoA dehydro-
genases (Binstock et al., Methods Enzymol. 71 Pt C:403-411
(1981)). Yet other gene candidates demonstrated to reduce
acetoacetyl-CoA to 3-hydroxybutyryl-CoA are phbB from
Zoogloea ramigera (Ploux et al., Fur. J Biochem. 174:177-
182 (1988)) and phaB from Rhodobacter sphaeroides (Alber
et al., Mol. Microbiol 61:297-309 (2006)). The former gene
candidate is NADPH-dependent, its nucleotide sequence has
been determined (Peoples et al., Mol. Microbiol 3:349-357
(1989)) and the gene has been expressed in E. coli. Substrate
specificity studies on the gene led to the conclusion that it
could accept 3-oxopropionyl-CoA as a substrate besides
acetoacetyl-CoA (Ploux et al., supra, (1988)). Additional
gene candidates include Hbd1 (C-terminal domain) and Hbd2
(N-terminal domain) in Clostridium kluyveri (Hillmer and
Gottschalk, Biochim. Biophys. Acta 3334:12-23 (1974)) and
HSD17B10 in Bos taurus (WAKIL et al., J Biol. Chem. 207:
631-638 (1954)).

Protein Genbank ID GInumber  Organism
fadB P21177.2 119811 Escherichia coli
fadl P77399.1 3334437 Escherichia coli
Hbd2 EDK34807.1 146348271  Clostridium kluyveri
Hbd1l EDK32512.1 146345976  Clostridium kluyveri
hbd P52041.2 18266893 Clostridium acetobutylicum
HSD17B10  002691.3 3183024 Bos Taurus
phbB P23238.1 130017 Zoogloea ramigera
phaB YP_353825.1 77464321 Rhodobacter sphaeroides
A number of similar enzymes have been found in other
species of Clostridia and in Metallosphaera sedula (Berg et

al., Science. 318:1782-1786 (2007)).

Protein GenBank ID GI number Organism
hbd NP_349314.1 NP_349314.1 Clostridium
acetobutylicum
hbd AAM14586.1 AAM14586.1 Clostridium
beijerinckii
Msed__1423 YP_001191505  YP_ 001191505 Metallosphaera
sedula
Msed__0399 YP_001190500  YP__ 001190500 Metallosphaera
sedula
Msed__0389 YP_001190490  YP__ 001190490 Metallosphaera
sedula
Msed__1993 YP_001192057 YP_001192057 Metallosphaera
sedula

3-Hydroxybutyryl-CoA dehydratase (FIG. 2, Step C)
3-Hydroxybutyryl-CoA dehydratase (EC 4.2.1.55), also
called crotonase, is an enoyl-CoA hydratase that reversibly
dehydrates 3-hydroxybutyryl-CoA to form crotonyl-CoA.
Crotonase enzymes are required for n-butanol formation in
some organisms, particularly Clostridial species, and also
comprise one step of the 3-hydroxypropionate/4-hydroxybu-
tyrate cycle in thermoacidophilic Archaea of the genera Sul-
folobus, Acidianus, and Metallosphaera. Exemplary genes
encoding crotonase enzymes can be found in C. acetobutyli-
cum (Atsumi et al., Metab Eng. 10:305-311 (2008); Boynton
etal., J Bacteriol. 178:3015-3024 (1996)), C. kluyveri (Hill-
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mer et al., FEBS Lett. 21:351-354 (1972)), and Metal-
losphaera sedula (Berg et al., Science 318:1782-1786
(2007a)) though the sequence of the latter gene is not known.
The enoyl-CoA hydratase of Pseudomonas putida, encoded
by ech, catalyzes the conversion of crotonyl-CoA to 3-hy-
droxybutyryl-CoA (Roberts et al., Arch Microbiol. 117:99-
108 (1978)). Additional enoyl-CoA hydratase candidates are
phaA and phaB, of P. putida, and paaA and paaB from P,
fuorescens (Olivera et al., Proc. Natl. Acad. Sci U.S.A
95:6419-6424 (1998)). Lastly, a number of Escherichia coli
genes have been shown to demonstrate enoyl-CoA hydratase
functionality including maoC (Park et al., J Bacteriol. 185:
5391-5397 (2003)), paaF (Ismail et al., Eur. J Biochem. 270:
3047-3054 (2003); Park et al., Appl. Biochem. Biotechnol
113-116:335-346 (2004); Park et al., Biotechnol Bioeng
86:681-686 (2004)) and paaG (Ismail et al., supra, (2003);
Park and Lee, supra, (2004); Park and Yup, supra, (2004)).
These proteins are identified below.

Protein GenBank ID GI Number  Organism

crt NP__349318.1 15895969 Clostridium acetobutylicum
crtl YP_001393856.1 153953091  Clostridium kluyveri

ech NP__745498.1 26990073 Pseudomonas putida
paaA NP__745427.1 26990002 Pseudomonas putida
paaB NP__745426.1 26990001 Pseudomonas putida
phaA ABF82233.1 106636093  Pseudomonas fluorescens
phaB ABFg82234.1 106636094  Pseudomonas fluorescens
maoC NP_415905.1 16129348 Escherichia coli

paaF NP_415911.1 16129354 Escherichia coli

paaG NP_415912.1 16129355 Escherichia coli

Crotonyl-CoA reductase (aldehyde forming) (F1G. 2, Step D)

Several acyl-CoA dehydrogenases are capable of reducing
an acyl-CoA to its corresponding aldehyde. Thus they can
naturally reduce crotonyl-CoA to crotonaldehyde or can be
engineered to do so. Exemplary genes that encode such
enzymes include the Acinetobacter calcoaceticus acyl encod-
ing a fatty acyl-CoA reductase (Reiser et al., J. Bacteriol.
179:2969-2975 (1997)), the Acinetobacter sp. M-1 fatty acyl-
CoA reductase (Ishige et al., Appl. Environ. Microbiol.
68:1192-1195 (2002)), and a CoA- and NADP-dependent
succinate semialdehyde dehydrogenase encoded by the sucD
gene in Clostridium kluyveri (Sohling et al., J Bacteriol.
178:871-880 (1996); Sohling et al., J. Bacteriol. 178:871-80
(1996))). SucD of P. gingivalis is another succinate semial-
dehyde dehydrogenase (Takahashi et al., J. Bacteriol. 182:
4704-4710 (2000)). These succinate semialdehyde dehydro-
genases were specifically shown in ref. (Burk et al.,
WO/2008/115840: (2008)) to convert 4-hydroxybutyryl-
CoA to 4-hydroxybutanal as part of a pathway to produce
1,4-butanediol. The enzyme acylating acetaldehyde dehydro-
genase in Pseudomonas sp, encoded by bphG, is yet another
capable enzyme as it has been demonstrated to oxidize and
acylate acetaldehyde, propionaldehyde, butyraldehyde,
isobutyraldehyde and formaldehyde (Powlowski et al., J.
Bacteriol. 175:377-385 (1993)).

Protein GenBank ID GI Number  Organism

acrl YP_047869.1 50086359 Acinetobacter calcoaceticus
acrl AACA45217 1684886 Acinetobacter baylyi

acrl BABR85476.1 18857901 Acinetobacter sp. Strain M-1
sucD P38947.1 172046062  Clostridium kluyveri

sucD NP_904963.1 34540484 Porphyromonas gingivalis
bphG BAA03892.1 425213 Pseudomonas sp

An additional enzyme type that converts an acyl-CoA to its
corresponding aldehyde is malonyl-CoA reductase which
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transforms malonyl-CoA to malonic semialdehyde. Malonyl-
CoA reductase is a key enzyme in autotrophic carbon fixation
via the 3-hydroxypropionate cycle in thermoacidophilic
archael bacteria (Bergetal., Science 318:1782-1786 (2007b);
Thaver, 318:1732-1733 (2007)). The enzyme utilizes
NADPH as a cofactor and has been characterized in Metal-
losphaera and Sulfolobus spp (Alber et al., J. Bacteriol. 188:
8551-8559 (2006); Hugler et al., J. Bacteriol. 184:2404-2410
(2002)). The enzyme is encoded by Msed_ 0709 in Metal-
losphaera sedula (Alber et al., supra, (2006); Berg et al.,
supra, (2007b)). A gene encoding a malonyl-CoA reductase
from Sulfolobus tokodaii was cloned and heterologously
expressed in . coli (Alber et al., supra, (2006)). Although the
aldehyde dehydrogenase functionality of these enzymes is
similar to the bifunctional dehydrogenase from Chloroflexus
aurantiacus, there is little sequence similarity. Both malonyl-
CoA reductase enzyme candidates have high sequence simi-
larity to aspartate-semialdehyde dehydrogenase, an enzyme
catalyzing the reduction and concurrent dephosphorylation of
aspartyl-4-phosphate to aspartate semialdehyde. Additional
gene candidates can be found by sequence homology to pro-
teins in other organisms including Sulfolobus solfataricus
and Sulfolobus acidocaldarius. Yet another candidate for
CoA-acylating aldehyde dehydrogenase is the ald gene from
Clostridium beijerinckii (Toth, Appl. Environ. Microbiol.
65:4973-4980 (1999). This enzyme has been reported to
reduce acetyl-CoA and butyryl-CoA to their corresponding
aldehydes. This gene is very similar to eutE that encodes
acetaldehyde dehydrogenase of Salmonella typhimurium and
E. coli (Toth, Appl. Environ. Microbiol. 65:4973-4980
(1999). These proteins are identified below.

Protein GenBank ID GI Number  Organism

Msed_0709 YP_001190808.1 146303492  Metallosphaera sedula

Mer NP_378167.1 15922498 Sulfolobus tokodaii

asd-2 NP__343563.1 15898958 Sulfolobus solfataricus

Saci__2370  YP_256941.1 70608071 Sulfolobus
acidocaldarius

Ald AAT66436 49473535 Clostridium beijerinckii

eutE AAAB0209 687645 Salmonella typhimurium

eutE P77445 2498347 Escherichia coli

Crotonaldehyde reductase (alcohol forming) (FIG. 2, Step E)

Enzymes exhibiting crotonaldehyde reductase (alcohol
forming) activity are capable of forming crotyl alcohol from
crotonaldehyde. The following enzymes can naturally pos-
sess this activity or can be engineered to exhibit this activity.
Exemplary genes encoding enzymes that catalyze the conver-
sion of an aldehyde to alcohol (i.e., alcohol dehydrogenase or
equivalently aldehyde reductase) include alrA encoding a
medium-chain alcohol dehydrogenase for C,-C, , (Tanietal.,
Appl. Environ. Microbiol. 66:5231-5235 (2000)), ADH2
from Saccharomyces cerevisiae (Atsumi et al., Nature 451:
86-89 (2008)), yghD from E. coli which has preference for
molecules longer than C(3) (Sulzenbacher et al., J. Mol. Biol.
342:489-502 (2004)), and bdh I and bdh II from C. acetobu-
tylicum which converts butyraldehyde into butanol (Walter et
al., J. Bacteriol. 174:7149-7158 (1992)). ADHI1 from
Zymomonas mobilis has been demonstrated to have activity
on a number of aldehydes including formaldehyde, acetalde-
hyde, propionaldehyde, butyraldehyde, and acrolein (Ki-
noshita, Appl. Microbiol. Biotechnol. 22:249-254 (1985)).
Cbei_ 2181 from Clostridium beijerinckii NCIMB 8052
encodes yet another useful alcohol dehydrogenase capable of
converting crotonaldehyde to crotyl alcohol.
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Protein GenBank ID GI Number  Organism

alrA BAB12273.1 9967138 Acinetobacter sp.
Strain M-1

ADH?2 NP_014032.1 6323961 Saccharomyces
cerevisiae

yghD NP_417484.1 16130909 Escherichia coli

bdh I NP__349892.1 15896543 Clostridium
acetobutylicum

bdh IT NP__349891.1 15896542 Clostridium
acetobutylicum

adhA YP_162971.1 56552132 Zymomonas mobilis

Cbei_2181 YP_001309304.1 150017050  Clostridium beijerinckii
NCIMB 8052

Enzymes exhibiting 4-hydroxybutyrate dehydrogenase
activity (EC 1.1.1.61) also fall into this category. Such
enzymes have been characterized in Ralstonia eutropha
(Bravo et al., J [Forensic Sci. 49:379-387 (2004)),
Clostridium Kuyveri (Wolff et al., Protein Expr. Pur 6:206-
212 (1995)) and Arabidopsis thaliana (Breitkreuz et al., J.
Biol. Chem. 278:41552-41556 (2003)).

Protein  GenBank ID GI Number  Organism

4hbd YP_726053.1 113867564  Ralstonia eutropha H16
4hbd 1.21902.1 146348486  Clostridium kluyveri DSM 555
4hbd Q94B07 75249805 Arabidopsis thaliana

Crotyl Alcohol Kinase (FIG. 2, Step F)

Crotyl alcohol kinase enzymes catalyze the transfer of a
phosphate group to the hydroxyl group of crotyl alcohol. The
enzymes described below naturally possess such activity or
can be engineered to exhibit this activity. Kinases that cata-
lyze transfer of a phosphate group to an alcohol group are
members of the EC 2.7.1 enzyme class. The table below lists
several useful kinase enzymes in the EC 2.7.1 enzyme class.

Enzyme

Commission

Number Enzyme Name

2.7.1.1 hexokinase

2.7.1.2 glucokinase

2.7.1.3 ketohexokinase

2.7.1.4 fructokinase

2.7.1.5 rhamnulokinase

2.7.1.6 galactokinase

2.7.1.7 mannokinase

2.7.1.8 glucosamine kinase
2.7.1.10 phosphoglucokinase
2.7.1.11 6-phosphofructokinase
2.7.1.12 gluconokinase

2.7.1.13 dehydrogluconokinase
2.7.1.14 sedoheptulokinase
2.7.1.15 ribokinase

2.7.1.16 ribulokinase

2.7.1.17 xylulokinase

2.7.1.18 phosphoribokinase
2.7.1.19 phosphoribulokinase
2.7.1.20 adenosine kinase
2.7.1.21 thymidine kinase
2.7.1.22 ribosylnicotinamide kinase
2.7.1.23 NAD+ kinase

2.7.1.24 dephospho-CoA kinase
2.7.1.25 adenylyl-sulfate kinase
2.7.1.26 riboflavin kinase
2.7.1.48 uridine kinase

2.7.1.49 hydroxymethylpyrimidine kinase
2.7.1.50 hydroxyethylthiazole kinase
2.7.1.51 L-fuculokinase
2.7.1.52 fucokinase
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-continued
Enzyme
Commission
Number Enzyme Name
2.7.1.53 L-xylulokinase
2.7.1.54 D-arabinokinase
2.7.1.55 allose kinase
2.7.1.56 1-phosphofructokinase
2.7.1.58 2-dehydro-3-deoxygalactonokinase
2.7.1.59 N-acetylglucosamine kinase
2.7.1.60 N-acylmannosamine kinase
2.7.1.61 acyl-phosphate-hexose phosphotransferase
2.7.1.62 phosphoramidate-hexose phosphotransferase
2.7.1.63 polyphosphate-glucose phosphotransferase
2.7.1.64 inositol 3-kinase
2.7.1.65 scyllo-inosamine 4-kinase
2.7.1.66 undecaprenol kinase
2.7.1.67 1-phosphatidylinositol 4-kinase
2.7.1.68 1-phosphatidylinositol-4-phosphate 5-kinase
2.7.1.69 protein-Np-phosphohistidine-sugar phosphotransferase
2.7.1.70 identical to EC 2.7.1.37.
2.7.1.71 shikimate kinase
2.7.1.72 streptomycin 6-kinase
2.7.1.73 inosine kinase
2.7.1.94 acylglycerol kinase
2.7.1.95 kanamyecin kinase
2.7.1.100 S-methyl-5-thioribose kinase
2.7.1.101 tagatose kinase
2.7.1.102 hamamelose kinase
2.7.1.103 viomycin kinase
2.7.1.105 6-phosphofructo-2-kinase
2.7.1.106 glucose-1,6-bisphosphate synthase
2.7.1.107 diacylglycerol kinase
2.7.1.108 dolichol kinase
2.7.1.113 deoxyguanosine kinase
2.7.1.114 AMP-thymidine kinase
2.7.1.118 ADP-thymidine kinase
2.7.1.119 hygromycin-B 7"-O-kinase
2.7.1.121 phosphoenolpyruvate-glycerone phosphotransferase
2.7.1.122 xylitol kinase
2.7.1.127 inositol-trisphosphate 3-kinase
2.7.1.130 tetraacyldisaccharide 4'-kinase
2.7.1.134 inositol-tetrakisphosphate 1-kinase
2.7.1.136 macrolide 2'-kinase
2.7.1.137 phosphatidylinositol 3-kinase
2.7.1.138 ceramide kinase
2.7.1.140 inositol-tetrakisphosphate 5-kinase
2.7.1.142 glycerol-3-phosphate-glucose phosphotransferase
2.7.1.143 diphosphate-purine nucleoside kinase
Enzyme
Commission
Number Enzyme Name
2.7.1.27 erythritol kinase
2.7.1.28 triokinase
2.7.1.29 glycerone kinase
2.7.1.30 glycerol kinase
2.7.1.31 glycerate kinase
2.7.1.32 choline kinase
2.7.1.33 pantothenate kinase
2.7.1.34 pantetheine kinase
2.7.1.35 pyridoxal kinase
2.7.1.36 mevalonate kinase
2.7.1.39 homoserine kinase
2.7.1.40 pyruvate kinase
2.7.141 glucose-1-phosphate phosphodismutase
2.7.1.42 riboflavin phosphotransferase
2.7.143 glucuronokinase
2.7.1.44 galacturonokinase
2.7.145 2-dehydro-3-deoxygluconokinase
2.7.1.46 L-arabinokinase
2.7.1.47 D-ribulokinase
2.7.1.74 deoxycytidine kinase
2.7.1.76 deoxyadenosine kinase
2.7.1.77 nucleoside phosphotransferase
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-continued
Enzyme
Commission
Number Enzyme Name
2.7.1.78 polynucleotide 5'-hydroxyl-kinase
2.7.1.79 diphosphate-glycerol phosphotransferase
2.7.1.80 diphosphate-serine phosphotransferase
2.7.1.81 hydroxylysine kinase
2.7.1.82 ethanolamine kinase
2.7.1.83 pseudouridine kinase
2.7.1.84 alkylglycerone kinase
2.7.1.85 B-glucoside kinase
2.7.1.86 NADH kinase
2.7.1.87 streptomycin 3"-kinase
2.7.1.88 dihydrostreptomycin-6-phosphate 3'a-kinase
2.7.1.89 thiamine kinase
2.7.1.90 diphosphate-fructose-6-phosphate 1-phosphotransferase
2.7.1.91 sphinganine kinase
2.7.1.92 5-dehydro-2-deoxygluconokinase
2.7.1.93 alkylglycerol kinase
2.7.1.144 tagatose-6-phosphate kinase
2.7.1.145 deoxynucleoside kinase
2.7.1.146 ADP-dependent phosphofructokinase
2.7.1.147 ADP-dependent glucokinase
2.7.1.148 4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol kinase
2.7.1.149 1-phosphatidylinositol-5-phosphate 4-kinase
2.7.1.150 1-phosphatidylinositol-3-phosphate 5-kinase
2.7.1.151 inositol-polyphosphate multikinase
2.7.1.153 phosphatidylinositol-4,5-bisphosphate 3-kinase
2.7.1.154 phosphatidylinositol-4-phosphate 3-kinase
2.7.1.156 adenosylcobinamide kinase
2.7.1.157 N-acetylgalactosamine kinase
2.7.1.158 inositol-pentakisphosphate 2-kinase
2.7.1.159 inositol-1,3,4-trisphosphate 5/6-kinase
2.7.1.160 2'-phosphotransferase
2.7.1.161 CTP-dependent riboflavin kinase
2.7.1.162 N-acetylhexosamine 1-kinase
2.7.1.163 hygromycin B 4-O-kinase
2.7.1.164 O-phosphoseryl-tRNASec kinase

A good candidate for this step is mevalonate kinase (EC
2.7.1.36) that phosphorylates the terminal hydroxyl group of
the methyl analog, mevalonate, of 3,5-dihydroxypentanote.
Some gene candidates for this step are ergl2 from S. cerevi-
siae, mvk from Methanocaldococcus jannaschi, MVK from
Homo sapeins, and mvk from Arabidopsis thaliana col.

Protein  GenBank ID GI Number  Organism

ergl2 CAA39359.1 3684 Sachharomyces cerevisiae

mvk Q58487.1 2497517 Methanocaldococcus jannaschii
mvk AAH16140.1 16359371 Homo sapiens

M\mvk NP_851084.1 30690651 Arabidopsis thaliana

Glycerol kinase also phosphorylates the terminal hydroxyl
group in glycerol to form glycerol-3-phosphate. This reaction
occurs in several species, including Escherichia coli, Saccha-
romyces cerevisiae, and Thermotoga maritima. The E. coli
glycerol kinase has been shown to accept alternate substrates
such as dihydroxyacetone and glyceraldehyde (Hayashiet al.,
J Biol. Chem. 242:1030-1035 (1967)). T, maritime has two
glycerol kinases (Nelson et al., Nature 399:323-329 (1999)).
Glycerol kinases have been shown to have a wide range of
substrate specificity. Crans and Whiteside studied glycerol
kinases from four different organisms (Escherichia coli, S.
cerevisiae, Bacillus stearothermophilus, and Candida myco-
derma) (Crans et al., J. Am. Chem. Soc. 107:7008-7018
(2010); Nelson et al., supra, (1999)). They studied 66 differ-
ent analogs of glycerol and concluded that the enzyme could
accept a range of substituents in place of one terminal
hydroxyl group and that the hydrogen atom at C2 could be
replaced by a methyl group. Interestingly, the kinetic con
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stants of the enzyme from all four organisms were very simi-
lar. The gene candidates are:

Protein GenBank ID GI Number  Organism

glpK AP__003883.1 89110103 Escherichia coli K12

glpK1 NP_228760.1 15642775 Thermotoga mavitime MSB8
glpK2 NP_229230.1 15642775 Thermotoga mavitime MSB8
Gutl NP_011831.1 82795252 Saccharomyces cerevisiae

Homoserine kinase is another possible candidate that can
lead to the phosphorylation of 3,5-dihydroxypentanoate. This
enzyme is also present in a number of organisms including F.
coli, Streptomyces sp, and S. cerevisiae. Homoserine kinase
from E. coli has been shown to have activity on numerous
substrates, including, [-2-amino,1,4-butanediol, aspartate
semialdehyde, and 2-amino-5-hydroxyvalerate (Huo et al.,
Biochemistry 35:16180-16185 (1996); Huo et al., Arch. Bio-
chem. Biophys. 330:373-379 (1996)). This enzyme can act on
substrates where the carboxyl group at the alpha position has
been replaced by an ester or by a hydroxymethyl group. The
gene candidates are:

Protein GenBank ID GI Number  Organism

thrB BAB96580.2 85674277 Escherichia
coli K12

SACT1DRAFT_4809 ZP_06280784.1 282871792  Streptomyces
sp. ACT-1

Thrl AAA35154.1 172978 Saccharomyces

serevisiae

2-Butenyl-4-phosphate kinase (FIG. 2, Step G)

2-Butenyl-4-phosphate kinase enzymes catalyze the trans-
fer of a phosphate group to the phosphate group of 2-butenyl-
4-phosphate. The enzymes described below naturally possess
such activity or can be engineered to exhibit this activity.
Kinases that catalyze transfer of a phosphate group to another
phosphate group are members of the EC 2.7.4 enzyme class.
The table below lists several useful kinase enzymes in the EC
2.7.4 enzyme class.

Enzyme

Commission

Number Enzyme Name

2.7.4.1 polyphosphate kinase

2.7.4.2 phosphomevalonate kinase

2.7.43 adenylate kinase

2.7.44 nucleoside-phosphate kinase

2.7.4.6 nucleoside-diphosphate kinase

2.7.4.7 phosphomethylpyrimidine kinase

2.7.4.8 guanylate kinase

2.7.49 dTMP kinase

2.7.4.10 nucleoside-triphosphate-adenylate kinase

2.7.4.11 (deoxy)adenylate kinase

2.7.4.12 T2-induced deoxynucleotide kinase

2.7.4.13 (deoxy)nucleoside-phosphate kinase

2.7.4.14 cytidylate kinase

2.7.4.15 thiamine-diphosphate kinase

2.7.4.16 thiamine-phosphate kinase

2.7.4.17 3-phosphoglyceroyl-phosphate-polyphosphate
phosphotransferase

2.7.4.18 farnesyl-diphosphate kinase

2.7.4.19 5-methyldeoxycytidine-5'-phosphate kinase

2.7.4.20 dolichyl-diphosphate-polyphosphate phosphotransferase

2.7.4.21 inositol-hexakisphosphate kinase

2.7.4.22 UMP kinase

2.7.4.23 ribose 1,5-bisphosphate phosphokinase

2.7.4.24 diphosphoinositol-pentakisphosphate kinase
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Phosphomevalonate kinase enzymes are of particular inter-
est. Phosphomevalonate kinase (EC 2.7.4.2) catalyzes the
analogous transformation to 2-butenyl-4-phosphate kinase.
This enzyme is encoded by erg8 in Saccharomyces cerevisiae
(Tsayetal., Mol. Cell Biol. 11:620-631 (1991)) and mvaK2 in
Streptococcus pneumoniae, Staphylococcus aureus and
Enterococcus faecalis (Doun et al., Protein Sci. 14:1134-
1139 (2005); Wilding et al., J Bacteriol. 182:4319-4327
(2000)). The Streptococcus pneumoniae and Enterococcus
faecalis enzymes were cloned and characterized in E. coli
(Pilloff et al., J Biol. Chem. 278:4510-4515 (2003); Doun et
al., Protein Sci. 14:1134-1139 (2005)).

Protein GenBank ID GI Number Organism

Erg8 AAA34596.1 171479 Saccharomyces cerevisiae
mvaK?2 AAG02426.1 9937366 Staphylococcus aureus
mvaK?2 AAG02457.1 9937409 Streptococcus pneumoniae
mvaK?2 AAG02442.1 9937388 Enterococcus faecalis

Butadiene synthase (FIG. 2, Step H)

Butadiene synthase catalyzes the conversion of 2-butenyl-
4-diphosphate to 1,3-butadiene. The enzymes described
below naturally possess such activity or can be engineered to
exhibit this activity. Isoprene synthase naturally catalyzes the
conversion of dimethylallyl diphosphate to isoprene, but can
also catalyze the synthesis of 1,3-butadiene from 2-butenyl-
4-diphosphate. Isoprene synthases can be found in several
organisms including Populus alba (Sasaki et al., FEBS Let-
ters, 2005, 579 (11), 2514-2518), Pueraria montana (Lind-
berg et al., Metabolic Eng, 2010, 12 (1), 70-79; Sharkey et al.,
Plant Physiol., 2005, 137 (2), 700-712), and Populus
tremulaxPopulus alba (Miller et al., Planta, 2001, 213 (3),
483-487). Additional isoprene synthase enzymes are
described in (Chotani et al., W(0O/2010/031079, Systems
Using Cell Culture for Production of Isoprene; Cervin et al.,
US Patent Application 20100003716, Isoprene Synthase
Variants for Improved Microbial Production of Isoprene).

Protein  GenBank ID GI Number  Organism

ispS BAD98243.1 63108310 Populus alba

ispS AAQ84170.1 35187004 Pueraria montana

ispS CAC35696.1 13539551 Populus tremula x Populus alba

Crotonyl-CoA hydrolase, synthetase, transterase (FIG. 2,
Step )

Crotonyl-CoA hydrolase catalyzes the conversion of croto-
nyl-CoA to crotonate. The enzymes described below natu-
rally possess such activity or can be engineered to exhibit this
activity. 3-Hydroxyisobutyryl-CoA hydrolase efficiently
catalyzes the conversion of 3-hydroxyisobutyryl-CoA to
3-hydroxyisobutyrate during valine degradation (Shimomura
etal., J Biol Chem. 269:14248-14253 (1994)). Genes encod-
ing this enzyme include hibch of Rattus norvegicus (Shimo-
mura et al., supra; Shimomura et al., Methods Enzymol. 324:
229-240 (2000)) and Homo sapiens (Shimomura et al.,
supra). The H. sapiens enzyme also accepts 3-hydroxybu-
tyryl-CoA and 3-hydroxypropionyl-CoA as substrates (Shi-
momura et al., supra). Candidate genes by sequence homol-
ogy include hibch of Saccharomyces cerevisiae and
BC__2292 of Bacillus cereus. These proteins are identified
below.
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Protein GenBank ID  GI Number Organism

hibch Q5XIE6.2 146324906 Rattus norvegicus

hibch Q6NVY1.2 146324905 Homo sapiens

hibch P28817.2 2506374 Saccharomyces cerevisiae
BC_ 2292 AP09256 29895975 Bacillus cereus

Several eukaryotic acetyl-CoA hydrolases (EC 3.1.2.1)
have broad substrate specificity and thus represent suitable
candidate enzymes. For example, the enzyme from Rattus
norvegicus brain (Robinson etal., Res. Commun. 71:959-965
(1976)) can react with butyryl-CoA, hexanoyl-CoA and
malonyl-CoA. Though its sequence has not been reported, the
enzyme from the mitochondrion of the pea leaf also has a
broad substrate specificity, with demonstrated activity on
acetyl-CoA, propionyl-CoA, butyryl-CoA, palmitoyl-CoA,
oleoyl-CoA, succinyl-CoA, and crotonyl-CoA (Zeiher et al.,
Plant. Physiol. 94:20-27 (1990)). The acetyl-CoA hydrolase,
ACHI, from S. cerevisiae represents another candidate
hydrolase (Buu et al., J. Biol. Chem. 278:17203-17209
(2003)). These proteins are identified below.

Protein GenBank ID GI Number Organism
acotl2 NP_570103.1 18543355 Rattus norvegicus
ACH1 NP__009538 6319456 Saccharomyces cerevisiae

Another candidate hydrolase is the human dicarboxylic
acid thioesterase, acot8, which exhibits activity on glutaryl-
CoA, adipyl-CoA, suberyl-CoA, sebacyl-CoA, and dode-
canedioyl-CoA (Westin et al., J Biol. Chem. 280:38125-
38132 (2005)) and the closest E. coli homolog, tesB, which
can also hydrolyze a broad range of CoA thioesters (Naggert
et al., J Biol. Chem. 266:11044-11050 (1991)). A similar
enzyme has also been characterized in the rat liver (Deana et
al., Biochem. Int. 26:767-773 (1992)). Other potential £. coli
thioester hydrolases include the gene products of tesA (Bon-
ner et al., Chem. 247:3123-3133 (1972)), ybgC (Kuznetsova
etal., FEMS Microbiol Rev 29:263-279 (2005); and (Zhuang
et al., FEBS Lett. 516:161-163 (2002)), paal (Song et al., J
Biol. Chem. 281:11028-11038 (2006)), and ybdB (Leduc et
al., J Bacteriol. 189:7112-7126 (2007)). These proteins are
identified below.

Protein GenBank ID GI Number Organism

tesB NP_414986 16128437 Escherichia coli
acot8 CAA15502 3191970 Homo sapiens
acot8 NP_570112 51036669 Rattus norvegicus
tesA NP_ 415027 16128478 Escherichia coli
ybgC NP_415264 16128711 Escherichia coli
paal NP_415914 16129357 Escherichia coli
ybdB NP_415129 16128580 Escherichia coli

Yet another candidate hydrolase is the glutaconate CoA-
transferase from Acidaminococcus fermentans. This enzyme
was transformed by site-directed mutagenesis into an acyl-
CoA hydrolase with activity on glutaryl-CoA, acetyl-CoA
and 3-butenoyl-CoA (Mack et al., FEBS. Lett. 405:209-212
(1997)). This suggests that the enzymes encoding succinyl-
CoA:3-ketoacid-CoA transferases and acetoacetyl-CoA:
acetyl-CoA transferases can also serve as candidates for this
reaction step but would require certain mutations to change
their function. These proteins are identified below.
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Protein GenBank ID GI Number Organism

getA CAAS57199 559392 Acidaminococcus
Sfermentans

gctB CAAS57200 559393 Acidaminococcus
Sfermentans

Crotonyl-CoA synthetase catalyzes the conversion of
crotonyl-CoA to crotonate. The enzymes described below
naturally possess such activity or can be engineered to exhibit
this activity. One candidate enzyme, ADP-forming acetyl-
CoA synthetase (ACD, EC 6.2.1.13), couples the conversion
of'acyl-CoA esters to their corresponding acids with the con-
current synthesis of ATP. Several enzymes with broad sub-
strate specificities have been described in the literature. ACD
1 from Archaeoglobus filgidus, encoded by AF1211, was
shown to operate on a variety of linear and branched-chain
substrates including acetyl-CoA, propionyl-CoA, butyryl-
CoA, acetate, propionate, butyrate, isobutyryate, isovalerate,
succinate, fumarate, phenylacetate, indoleacetate (Musfeldt
et al., J Bacteriol 184:636-644 (2002)). The enzyme from
Haloarcula marismortui (annotated as a succinyl-CoA syn-
thetase) accepts propionate, butyrate, and branched-chain
acids (isovalerate and isobutyrate) as substrates, and was
shown to operate in the forward and reverse directions (Bra-
sen et al., Arch Microbiol 182:277-287 (2004)). The ACD
encoded by PAE3250 from hyperthermophilic crenarchacon
Pyrobaculum aerophilum showed the broadest substrate
range of all characterized ACDs, reacting with acetyl-CoA,
isobutyryl-CoA (preferred substrate) and phenylacetyl-CoA
(Brasen et al., supra). The enzymes from A. fulgidus, H.
marismortui and P. aerophilum have all been cloned, func-
tionally expressed, and characterized in E. coli (Musfeldt et
al., supra; Brasen et al., supra). These proteins are identified
below.

Protein GenBank ID GI Number Organism

AF1211 NP_070039.1 11498810 Archaeoglobus fulgidus
DSM 4304

scs YP_135572.1 55377722 Haloarcula marismortui
ATCC 43049

PAE3250 NP_560604.1 18313937 Pyrobaculum aerophilum
str. IM2

Another candidate CoA synthetase is succinyl-CoA syn-
thetase. The sucCD genes of E. coli form a succinyl-CoA
synthetase complex which naturally catalyzes the formation
of succinyl-CoA from succinate with the concaminant con-
sumption of one ATP, a reaction which is reversible in vivo
(Buck et al., Biochem. 24:6245-6252 (1985)). These proteins
are identified below.

Protein GenBank ID GI Number Organism
sucC NP_415256.1 16128703 Escherichia coli
sucD AAC73823.1 1786949 Escherichia coli
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Additional exemplary CoA-ligases include the rat dicar-
boxylate-CoA ligase for which the sequence is yet uncharac-
terized (Vamecq et al., Biochemical Journal 230:683-693
(1985)), either of the two characterized phenylacetate-CoA
ligases from P. chrysogenum (Lamas-Maceiras et al., Bio-
chem. J. 395:147-155 (2005); Wang et al., Biochem Biophy
Res Commun 360(2):453-458 (2007)), the phenylacetate-
CoA ligase from Pseudomonas putida (Martinez-Blanco et
al.,J. Biol. Chem. 265:7084-7090 (1990)), and the 6-carboxy-
hexanoate-CoA ligase from Bacilis subtilis (Bower et al., J.
Bacteriol. 178(14):4122-4130 (1996)). Additional candidate
enzymes are acetoacetyl-CoA synthetases from Mus muscu-
lus (Hasegawa et al., Biochim Biophys Acta 1779:414-419
(2008)) and Homo sapiens (Ohgami et al., Biochem Pharma-
col 65:989-994 (2003)) which naturally catalyze the ATP-
dependant conversion of acetoacetate into acetoacetyl-CoA.
These proteins are identified below.

Protein GenBank ID GI Number Organism

phl CAJ15517.1 77019264 Penicillium chrysogenum

phiB ABS19624.1 152002983 Penicillium chrysogenum

paaF AAC24333.2 22711873 Pseudomonas putida

bioW NP__390902.2 50812281 Bacillus subtilis

AACS NP__084486.1 21313520 Mus musculus

AACS NP_076417.2 31982927 Homo sapiens
Crotonyl-CoA transferase catalyzes the conversion of

crotonyl-CoA to crotonate. The enzymes described below
naturally possess such activity or can be engineered to exhibit
this activity. Many transferases have broad specificity and
thus can utilize CoA acceptors as diverse as acetate, succi-
nate, propionate, butyrate, 2-methylacetoacetate, 3-ketohex-
anoate, 3-ketopentanoate, valerate, crotonate, 3-mercapto-
propionate, propionate, vinylacetate, butyrate, among others.
For example, an enzyme from Roseburia sp. A2-183 was
shown to have butyryl-CoA:acetate: CoA transferase and pro-
pionyl-CoA:acetate:CoA transferase activity (Charrier et al.,
Microbiology 152, 179-185 (2006)). Close homologs can be
found in, for example, Roseburia intestinalis 1.1-82, Rose-
buria inulinivorans DSM 16841, Eubacterium rectale ATCC
33656. Another enzyme with propionyl-CoA transferase
activity can be found in Clostridium propionicum (Selmer et
al., Eur J Biochem 269, 372-380 (2002)). This enzyme can
use acetate, (R)-lactate, (S)-lactate, acrylate, and butyrate as
the CoA acceptor (Selmer et al., Eur J Biochem 269, 372-380
(2002); Schweiger and Buckel, FEBS Letters, 171(1) 79-84
(1984)). Close homologs can be found in, for example,
Clostridium novyi NT, Clostridium beijerinckii NCIMB
8052, and Clostridium botulinum C str. Eklund. YgfH
encodes a propionyl CoA:succinate CoA transferase in £. coli
(Haller et al., Biochemistry, 39(16) 4622-4629). Close
homologs can be found in, for example, Citrobacter youngae
ATCC 29220, Salmonella enterica subsp. arizonae serovar,
and Yersinia intermedia ATCC 29909. These proteins are
identified below.

Protein GenBank ID GI Number  Organism

Achl AAX19660.1 60396828 Roseburia sp. A2-183
ROSINTL182_ 07121 ZP_04743841.2 257413684  Roseburia intestinalis L1-82
ROSEINA2194_ 03642  ZP_03755203.1 225377982  Roseburia inulinivorans DSM

16841
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-continued
Protein GenBank ID GI Number  Organism
EUBREC_ 3075 YP_002938937.1 238925420  Eubacterium rectale ATCC
33656
pet CAB77207.1 7242549 Clostridium propionicum
NT01CX_2372 YP_878445.1 118444712  Clostridium novyi NT
Cbei_4543 YP_001311608.1 150019354  Clostridium beijerinckii
NCIMB 8052
CBC_A0889 ZP_02621218.1 168186583  Clostridium botulinum C str.
Eklund
ygfH NP_417395.1 16130821 Escherichia coli str. K-12
substr. MG1655
CIT292_04485 ZP_03838384.1 227334728  Citrobacter youngae ATCC
29220
SARI 04582 YP_001573497.1 161506385 Salmonella enterica subsp.
arizonae serovar
yinte0001_14430 ZP_04635364.1 238791727  Yersinia intermedia ATCC
29909
An additional candidate enzyme is the two-unit enzyme 5 -continued
encoded by pcal and pcal in Pseudomonas, which has been
shown to have 3-oxoadipyl-CoA/succinate transferase activ- Protein ~ GenBankID  GINumber Organism
ity (Kaschabek et al., supra). Similar enzymes based on
homology exist in Acinetobacter sp. ADP1 (Kowalchuk et al., cg0592  YP_224801.1 62389399  Corynebacterium glutamicum
Gene 146:23-30 (1994)) and Streptomyces coelicolor. Addi- 25 ATCC 13032
tional exemplary succinyl-CoA:3:0xoacid-CoA transferases ctfA NP__149326.1 15004866  Clostridium acetobutylicum
are present in Helicobacter pylori (Corthesy-Theulaz et al., J. otiB NP_L49327.1 15004867 Clostriditim acetobutylicum
Biol. Chem. 272:25659-25667 (1997)) and Bacillus subtilis ™ AAP42364.1 31073384 Clostridium .
(Stols et al., Protein. Expr. Purif: 53:396-403 (2007)). These saccharoperbulylacetonicum
prOteinS are ldentlﬁed belOW. 30 ctfB AAP42565.1 31075385 Clostridium
saccharoperbutylacetonicum
Protein GenBank ID GI Number  Organism
peal AANGOSAS1 24985644 Pseudomonas putida The above enzymes can also exhibit the desired activities
peal NP_746082.1 26990657  Pseudomonas putida 35 on crotonyl-CoA. Additional exemplary transferase candi-
peal YP_046368.1 50084858 Acinetobacter sp. ADP1 dates are catalyzed by the gene products of catl, cat2, and
peal AAC37147.1 141776 Acinetobacter sp. ADP1 3 of CI idi K i which h b h
peal NP_630776.1 21224997  Streptomyces coelicolor cat3 of Clostridium iduyver: which have been shown to
peal NP_630775.1 21224996  Streptomyces coelicolor exhibit succinyl-CoA, 4-hydroxybutyryl-CoA, and butyryl-
HPAGL_0676 YP_627417 108563101  Helicobacter pylori CoA transferase activity, respectively (Seedorf et al., supra;
HPAGL_0677 YP_G2Tal8 108003102 Helicobacter pylort 40 Sohling et al., Eur. J Biochem. 212:121-127 (1993); Sohling
ScoB NP_ 391777 16080949  Bacillus subtilis et al., J Bacteriol. 178:871-880 (1996)). Similar CoA trans-
ferase activities are also present in Trichomonas vaginalis
A CoA transferase that can utilize acetate as the CoA (Vzn;} rnsven et a})., J. BIORI', C.’hem.t2$1§3i}4;.l-llélc{: (20;);2)
acceptor is acetoacetyl-CoA transferase, encoded by the E. 45 and Trypanosoma brucei ( viere etal, /. siol. Caem. ’
coli atoA (alpha subunit) and atoD (beta subunit) genes 45337-45346 (2004)). These proteins are identified below.
(Vanderwinkel et al., Biochem. Biophys. Res Commun.
33:902-908 (1968); Korolev et al., Acta Crystallogr. D Biol e Bk I Ol Nomber O
Crystallogr. 58:2116-2121 (2002)). This enzyme has also rotein o tber  eawsm
been shown to transfer the CoA moiety to acetate from a 5, catl P38946.1 729048 Clostridium kluyveri
variety of branched and linear acyl-CoA substrates, including cat2 P38942.2 172046066 Clostridium kluyveri
isobutyrate (Matthies et al., App! Environ Microbiol 58:1435- cat3 EDK35586.1 146349050 Clostridium Kluyveri
. TVAG_395550  XP_001330176 123975034  Trichomonas
1439 (1992)), Vale.rate (Vanderwmkel. et al., supra) aI}d vaginalis G3
butanoate (Vanderwinkel et al., supra). Similar enzymes exist Tb11.02.0290 XP__828352 71754875 Trypanosoma brucei
in Corynebacterium glutamicum ATCC 13032 (Duncanetal., 5
Appl Environ Microbiol 68:5186-5190 (2002)), Clostridium
acetobutylicum (Cary etal., Appl Environ Microbiol 56:1576- The glutacqnate-CoA-transferase (BC 2.83.12) enzyme
1583 (1990)), and Clostridium saccharoperbutylacetonicum from anaerobic bacterium Acidaminococcus fermentans
(Kosakaetal., Biosci. Biotechnol Biochem. 71:58-68 (2007)).  reacts with diacid glutaconyl-CoA and 3-butenoyl-CoA
These proteins are identified below. co (Mack et al., FEBS Lett. 405:209-212 (1997)). The genes
encoding this enzyme are gctA and gctB. This enzyme has
Protein  GenBankID  GI Number Organism reduced but detectable activity with other CoA derivatives
including glutaryl-CoA, 2-hydroxyglutaryl-CoA, adipyl-
atoA P76459.1 2492994 Escherichia coli K12 CoA and acrylyl-CoA (Buckel et al., Fur. J. Biochem. 118:
atoD P76458.1 2492990 Escherichia coli K12 315-321 (1981)). Th has b 1 dand d
actA YP_226809.1 62391407  Corynebacterium glutamicum 65 -321¢( ). The enzyme has been cloned and expresse:

ATCC 13032

in E. coli Mack et al., Eur. J. Biochem. 226:41-51 (1994)).
These proteins are identified below.
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Protein GenBank ID  GI Number Organism
getA CAA57199.1 559392 Acidaminococcus fermentans
getB CAA57200.1 559393 Acidaminococcus fermentans

Crotonate reductase (FIG. 2, Step J)

Crotonate reductase enzymes are capable of catalyzing the
conversion of crotonate to crotonaldehyde. The enzymes
described below naturally possess such activity or can be
engineered to exhibit this activity. Carboxylic acid reductase
catalyzes the magnesium, ATP and NADPH-dependent
reduction of carboxylic acids to their corresponding alde-
hydes (Venkitasubramanian et al., J. Biol. Chem. 282:478-
485 (2007)). This enzyme, encoded by car, was cloned and
functionally expressed in £. coli (Venkitasubramanian et al.,
J. Biol. Chem. 282:478-485 (2007)). Expression of the npt
gene product improved activity of the enzyme via post-tran-
scriptional modification. The npt gene encodes a specific
phosphopantetheine transferase (PPTase) that converts the
inactive apo-enzyme to the active holo-enzyme. The natural
substrate of this enzyme is vanillic acid, and the enzyme
exhibits broad acceptance of aromatic and aliphatic sub-
strates (Venkitasubramanian et al., in Biocatalysis in the
Pharmaceutical and Biotechnology Industires, ed. R. N.
Patel, Chapter 15, pp. 425-440, CRC Press LL.C, Boca Raton,
Fla. (2006)).

Protein GenBank ID GI Number Organism

Car AARO1681.1 40796035 Nocardia iowensis
(sp. NRRL 5646)

Npt ABI83656.1 114848891 Nocardia iowensis

(sp. NRRL 5646)

Additional car and npt genes can be identified based on
sequence homology.
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hydroxybenzoic acid, a shunt product of 3-amino-4-hydroxy-
benzoic acid metabolism (Suzuki, et al., J. Antibiot. 60(6):
380-387 (2007)). Co-expression of griC and griD with SGR__
665, an enzyme similar in sequence to the Nocardia iowensis
npt, can be beneficial.

Protein GenBank ID GI Number  Organism

griC YP_001825755.1 182438036  Streptomyces griseus subsp.
griseus NBRC 13350

Grid YP_001825756.1 182438037  Streptomyces griseus subsp.

griseus NBRC 13350

An enzyme with similar characteristics, alpha-aminoadi-
pate reductase (AAR, EC 1.2.1.31), participates in lysine
biosynthesis pathways in some fungal species. This enzyme
naturally reduces alpha-aminoadipate to alpha-aminoadipate
semialdehyde. The carboxyl group is first activated through
the ATP-dependent formation of an adenylate that is then
reduced by NAD(P)H to yield the aldehyde and AMP. Like
CAR, this enzyme utilizes magnesium and requires activation
by a PPTase. Enzyme candidates for AAR and its correspond-
ing PPTase are found in Saccharomyces cerevisiae (Morris et
al., Gene 98:141-145 (1991)), Candida albicans (Guo et al.,
Mol. Genet. Genomics 269:271-279 (2003)), and Schizosac-
charomyces pombe (Ford et al., Curr Genet. 28:131-137
(1995)). The AAR from S. pombe exhibited significant activ-
ity when expressed in . coli (Guo et al., Yeast 21:1279-1288
(2004)). The AAR from Penicillium chrysogenum accepts
S-carboxymethyl-L-cysteine as an alternate substrate, butdid
not react with adipate, L-glutamate or diaminopimelate (Hi-
jarrubia et al., J. Biol. Chem. 278:8250-8256 (2003)). The
gene encoding the P. chrysogenum PPTase has not been iden-
tified to date.

Protein GenBank ID GI Number  Organism

fadD9 YP_978699.1 121638475  Mycobacterium bovis BCG

BCG_2812¢ YP_978898.1 121638674  Mycobacterium bovis BCG

nfa20150 YP_118225.1 54023983 Nocardia farcinica IFM 10152

nfa40540 YP__120266.1 54026024 Nocardia farcinica IFM 10152

SGR__6790 YP_001828302.1 182440583  Streptomyces griseus subsp. griseus
NBRC 13350

SGR__665 YP_001822177.1 182434458  Streptomyces griseus subsp. griseus
NBRC 13350

MSMEG_ 2956 YP_887275.1 118473501  Mycobacterium smegmatis MC2 155

MSMEG_ 5739 YP__889972.1 118469671  Mycobacterium smegmatis MC2 155

MSMEG_ 2648 YP__886985.1 118471293  Mycobacterium smegmatis MC2 155

MAP1040c NP_959974.1 41407138 Mycobacterium avium subsp.
paratuberculosis K-10

MAP2899¢ NP_961833.1 41408997 Mycobacterium avium subsp.
paratuberculosis K-10

MMAR_ 2117 YP_001850422.1 183982131  Mycobacterium marinum M

MMAR__ 2936 YP_001851230.1 183982939  Mycobacterium marinum M

MMAR__1916 YP_001850220.1 183981929  Mycobacterium marinum M

TpauDRAFT 33060 ZP_04027864.1 227980601 Tsukamurella paurometabola DSM
20162

TpauDRAFT_ 20920 ZP_04026660.1 227979396  Tsukamurella paurometabola DSM
20162

CPCC7001_1320 ZP_05045132.1 254431429  Cyanobium PCC7001

DDBDRAFT_0187729 XP_636931.1 66806417 Dictyostelium discoideum AX4

An additional enzyme candidate found in Streptomyces
griseus is encoded by the griC and griD genes. This enzyme
is believed to convert 3-amino-4-hydroxybenzoic acid to
3-amino-4-hydroxybenzaldehyde as deletion of either griC or
griD led to accumulation of extracellular 3-acetylamino-4-

65

Protein GenBank ID GI Number  Organism
LYS2 AAA34747.1 171867 Saccharomyces cerevisiae
LYS5 P50113.1 1708896 Saccharomyces cerevisiae
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-continued
Protein GenBank ID GI Number  Organism
LYS2 AAC02241.1 2853226 Candida albicans
LYS5 AAO026020.1 28136195 Candida albicans
Lyslp P40976.3 13124791 Schizosaccharomyces pombe
Lys7p Q10474.1 1723561 Schizosaccharomyces pombe
Lys2 CAA74300.1 3282044 Penicillium chrysogenum

Crotonyl-CoA reductase (alcohol forming) (FIG. 2, Step K)
Crotonaldehyde reductase (alcohol forming) enzymes
catalyze the 2 reduction steps required to form crotyl alcohol
from crotonyl-CoA. Exemplary 2-step oxidoreductases that
convert an acyl-CoA to an alcohol are provided below. Such
enzymes can naturally convert crotonyl-CoA to crotyl alco-
hol or can be engineered to do so. These enzymes include
those that transform substrates such as acetyl-CoA to ethanol
(e.g., adhE from E. coli (Kessler et al., FEBS. Lett. 281:59-63
(1991))) and butyryl-CoA to butanol (e.g. adhE2 from C.
acetobutylicum (Fontaine et al., J. Bacteriol. 184:821-830
(2002))). The adhE2 enzyme from C. acetobutylicum was
specifically shown in ref. (Burk et al., supra, (2008)) to pro-
duce BDO from 4-hydroxybutyryl-CoA. In addition to reduc-
ing acetyl-CoA to ethanol, the enzyme encoded by adhE in
Leuconostoc mesenteroides has been shown to oxide the
branched chain compound isobutyraldehyde to isobutyryl-
CoA (Kazahaya et al., J. Gen. Appl. Microbiol. 18:43-55
(1972); Koo et al., Biotechnol. Lett. 27:505-510 (2005)).

Protein GenBank ID GI Number Organism

adhE NP_415757.1 16129202 Escherichia coli

adhE2 AAK09379.1 12958626 Clostridium acetobutylicum
adhE AAV66076.1 55818563 Leuconostoc mesenteroides

Another exemplary enzyme can convert malonyl-CoA to
3-HP. An NADPH-dependent enzyme with this activity has
been characterized in Chloroflexus aurantiacus where it par-
ticipates in the 3-hydroxypropionate cycle (Hugler et al.,
supra, (2002); Strauss et al., 215:633-643 (1993)). This
enzyme, with a mass of 300 kDa, is highly substrate-specific
and shows little sequence similarity to other known oxi-
doreductases (Hugler et al., supra, (2002)). No enzymes in
other organisms have been shown to catalyze this specific
reaction; however there is bioinformatic evidence that other
organisms can have similar pathways (Klatt et al., Environ
Microbiol. 9:2067-2078 (2007)). Enzyme candidates in other
organisms including Roseiflexus castenholzii, Erythrobacter
sp. NAP1 and marine gamma proteobacterium HTCC2080
can be inferred by sequence similarity.

Protein GenBank ID GI Number  Organism

mer AAS20429.1 42561982 Chloroflexus
aurantiacus

Reas__2929 YP_001433009.1 156742880  Roseiflexus
castenholzii

NAP1_02720 ZP_01039179.1 85708113 Erythrobacter
sp. NAP1

MGP2080_00535  ZP_01626393.1 119504313  marine gamma
proteobacterium
HTCC2080

Glutaconyl-CoA decarboxylase (FIG. 2, Step L)
Glutaconyl-CoA decarboxylase enzymes, characterized in

glutamate-fermenting anaerobic bacteria, are sodium-ion

translocating decarboxylases that utilize biotin as a cofactor
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and are composed of four subunits (alpha, beta, gamma, and
delta) (Boiangiu et al., J Mol. Microbiol Biotechnol 10:105-
119 (2005); Buckel, Biochim Biophys Acta. 1505:15-27
(2001)). Such enzymes have been characterized in Fusobac-
terium nucleatum (Beatrix et al., Arch Microbiol. 154:362-
369 (1990)) and Acidaminococcus fermentans (Braune et al.,
Mol. Microbiol 31:473-487 (1999)). Analogs to the F nuclea-
tum glutaconyl-CoA decarboxylase alpha, beta and delta sub-
units are found in S. aciditrophicus. A gene annotated as an
enoyl-CoA dehydrogenase, syn_ 00480, another GCD, is
located in a predicted operon between a biotin-carboxyl car-
rier (syn__00479) and a glutaconyl-CoA decarboxylase alpha
subunit (syn_00481). The protein sequences for exemplary
gene products can be found using the following GenBank
accession numbers shown below.

Protein GenBank ID GI Number  Organism

gedA CAA49210 49182 Acidaminococcus fermentans
gedC AAC69172 3777506 Acidaminococcus fermentans
gedD AAC69171 3777505 Acidaminococcus fermentans
gedB AAC69173 3777507 Acidaminococcus fermentans
FN0200 AAL94406 19713641 Fusobacterium nucleatum
FN0201 AAL94407 19713642 Fusobacterium nucleatum
FN0204 AAL94410 19713645 Fusobacterium nucleatum
syn_00479  YP_462066 85859864 Syntrophus aciditrophicus
syn__00481  YP_462068 85859866 Syntrophus aciditrophicus
syn_01431 YP_ 460282 85858080 Syntrophus aciditrophicus
syn_00480 ABC77899 85722956 Syntrophus aciditrophicus

Glutaryl-CoA dehydrogenase (FIG. 2 Step M)

Glutaryl-CoA dehydrogenase (GCD, EC 1.3.99.7 and EC
4.1.1.70) is a bifunctional enzyme that catalyzes the oxidative
decarboxylation of glutaryl-CoA to crotonyl-CoA (FIG. 3,
step 3). Bifunctional GCD enzymes are homotetramers that
utilize electron transfer flavoprotein as an electron acceptor
(Hartel et al., Arch Microbiol. 159:174-181 (1993)). Such
enzymes were first characterized in cell extracts of
Pseudomonas strains KB740 and K172 during growth on
aromatic compounds (Hartel et al., supra, (1993)), but the
associated genes in these organisms is unknown. Genes
encoding glutaryl-CoA dehydrogenase (gedH) and its cog-
nate transcriptional regulator (gcdR) were identified in
Azoarcus sp. CIB (Blazquez et al.,, Environ Microbiol.
10:474-482 (2008)). An Azoarcus strain deficient in gcdH
activity was used to identify the a heterologous gene gcdH
from Pseudomonas putida (Blazquez et al., supra, (2008)).
The cognate transcriptional regulator in Pseudomonas putida
has not been identified but the locus PP_ 0157 has a high
sequence homology (>69% identity) to the Azoarcus enzyme.
Additional GCD enzymes are found in Pseudomonas fluore-
scens and Paracoccus denitrificans (Husain et al., J Bacteriol.
163:709-715 (1985)). The human GCD has been extensively
studied, overexpressed in E. coli (Dwyer et al., Biochemistry
30:11488-11499 (2000)), crystallized, and the catalytic
mechanism involving a conserved glutamate residue in the
active site has been described (Fu et al.,, Biochemistry
43:9674-9684 (2004)). A GCD in Syntrophus aciditrophicus
operates in the CO,-assimilating direction during growth on
crotonate (Mouttaki et al., Appl Environ Microbiol. 73:930-
938 (2007))). Two GCD genes in S. aciditrophicus were iden-
tified by protein sequence homology to the Azoarcus GedH:
syn_ 00480 (31%) and syn 01146 (31%). No significant
homology was found to the Azoarcus GedR regulatory pro-
tein. The protein sequences for exemplary gene products can
be found using the following GenBank accession numbers
shown below.
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Protein GenBank ID GI Number  Organism
gedH ABM69268.1 123187384  Azoarcus sp. CIB
gedR ABM69269.1 123187385  Azoarcus sp. CIB
gedH AANG65791.1 24981507 Pseudomonas
putida KT2440
PP_0157 AANG65790.1 24981506 Pseudomonas
(gedR) putida KT2440
gedH YP_257269.1 70733629 Pseudomonas
Sluorescens Pf-5
gevA YP_257268.1 70733628 Pseudomonas
(gedR) Sluorescens Pf-5
ged YP_918172.1 119387117  Paracoccus denitrificans
gedR YP_918173.1 119387118  Paracoccus denitrificans
ged AAHO02579.1 12803505 Homo sapiens
syn__00480 ABC77899 85722956 Syntrophus
aciditrophicus
syn_01146 ABC76260 85721317 Syntrophus

aciditrophicus

3-Aminobutyryl-CoA deaminase (FIG. 2, Step N)

3-aminobutyryl-CoA is an intermediate in lysine fermen-
tation. It also can be formed from acetoacetyl-CoA via a
transaminase or an aminating dehydrogenase. 3-aminobu-
tyryl-CoA deaminase (or 3-aminobutyryl-CoA ammonia
lyase) catalyzes the deamination of 3-aminobutyryl-CoA to
form crotonyl-CoA. This reversible enzyme is present in
Fusobacterium nucleatum, Porphyromonas gingivalis, Ther-
moanaerobacter tengcongensis, and several other organisms
and is co-localized with several genes involved in lysine
fermentation (Kreimeyer et al., J Biol Chem, 2007, 282(10)
7191-7197).

Protein  GenBank ID GI Number  Organism

kal NP_602669.1 19705174 Fusobacterium nucleatum subsp.
nucleatum ATCC 25586

kal NP_905282.1 34540803 Porphyromonas gingivalis W83

kal NP_622376.1 20807205 Thermoanaerobacter
tengcongensis MB4

4-Hydroxybutyryl-CoA dehydratase (FI1G. 2, Step O)

Several enzymes naturally catalyze the dehydration of
4-hydroxybutyryl-CoA to crotonoyl-CoA. This transforma-
tion is required for 4-aminobutyrate fermentation by
Clostridium aminobutyricum (Scherf et al., Eur. J Biochem.
215:421-429 (1993)) and succinate-ethanol fermentation by
Clostridium kluyveri (Schert et al., Arch. Microbiol 161:239-
245 (1994)). The transformation is also a key step in Archaea,
for example, Metallosphaera sedula, as part of the 3-hydrox-
ypropionate/4-hydroxybutyrate autotrophic carbon dioxide
assimilation pathway (Berg et al., supra, (2007)). The revers-
ibility of 4-hydroxybutyryl-CoA dehydratase is well-docu-
mented (Muh et al., Biochemistry. 35:11710-11718 (1996);
Friedrich et al., Angew. Chem. Int. Ed. Engl. 47:3254-3257
(2008); Muh et al., Fur. J. Biochem. 248:380-384 (1997)) and
the equilibrium constant has been reported to be about 4 on
the side of crotonoyl-CoA (Scherf and Buckel, supra,
(1993)).

Protein GenBank ID GI Number  Organism

AbfD CABG60035 70910046 Clostridium
aminobutyricum

AbfD YP_001396399 153955634  Clostridium kluyveri

Msed__1321 YP_001191403 146304087  Metallosphaera sedula

Msed__1220 YP_001191305 146303989  Metallosphaera sedula
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Croty] alcohol diphosphokinase (FIG. 2, Step P)

Crotyl alcohol diphosphokinase enzymes catalyze the
transfer of a diphosphate group to the hydroxyl group of
crotyl alcohol. The enzymes described below naturally pos-
sess such activity or can be engineered to exhibit this activity.
Kinases that catalyze transfer of a diphosphate group are
members of the EC 2.7.6 enzyme class. The table below lists
several useful kinase enzymes in the EC 2.7.6 enzyme class.

Enzyme

Commission

Number Enzyme Name

2.7.6.1 ribose-phosphate diphosphokinase

2.7.6.2 thiamine diphosphokinase

2.7.6.3 2-amino-4-hydroxy-6-hydroxymethyldihydropteridine
diphosphokinase

2.7.64 nucleotide diphosphokinase

2.7.6.5 GTP diphosphokinase

Of particular interest are ribose-phosphate diphosphoki-
nase enzymes which have been identified in Escherichia coli
(Hove-Jenson et al., J Biol Chem, 1986, 261(15); 6765-71)
and Mycoplasma preumoniae M129 (McElwain et al, Inter-
national Journal of Systematic Bacteriology, 1988, 38:417-
423) as well as thiamine diphosphokinase enzymes. Exem-
plary thiamine diphosphokinase enzymes are found in
Arabidopsis thaliana (Ajjawi, Plant Mol Biol, 2007, 65(1-2);
151-62).

Protein GenBank ID GI Number Organism

prs NP_415725.1 16129170 Escherichia coli

prsA NP__109761.1 13507812 Mycoplasma prneumoniae
M129

TPK1 BAH19964.1 222424006 Arabidopsis thaliana col

TPK2 BAH57065.1 227204427 Arabidopsis thaliana col

Erythrose-4-phosphate reductase (FIG. 3, Step A)

In Step A of the pathway, erythrose-4-phosphate is con-
verted to erythritol-4-phosphate by the erythrose-4-phos-
phate reductase or erythritol-4-phosphate dehydrogenase.
The reduction of erythrose-4-phosphate was observed in Leu-
conostoc oenos during the production of erythritol (Veiga-da-
Cunha et al., J Bacteriol. 175:3941-3948 (1993)). NADPH
was identified as the cofactor (Veiga-da-Cunha et al., supra,
(1993)). However, gene for erythrose-4-phosphate was not
identified. Thus, it is possible to identify the erythrose-4-
phosphate reductase gene from Leuconostoc oenos and apply
to this step. Additionally, enzymes catalyzing similar reac-
tions can be utilized for this step. An example of these
enzymes is 1-deoxy-D-xylulose-5-phosphate reductoi-
somerase (EC 1.1.1.267) catalyzing the conversion of
1-deoxy-D-xylylose 5-phosphate to 2-C-methyl-D-erythri-
tol-4-phosphate, which has one additional methyl group com-
paring to Step A. The dxr or ispC genes encode the 1-deoxy-
D-xylulose-5-phosphate reductoisomerase have been well
studied: the Dxr proteins from Escherichia coli and Myco-
bacterium tuberculosis were purified and their crystal struc-
tures were determined (Yajima et al., Acta Crystallogr. Sect.
F Struct. Biol. Cryst. Commun. 63:466-470 (2007); Mac et
al., J Mol. Biol. 345:115-127 (2005); Henriksson et al., Acta
Crystallogr. D. Biol. Crystallogr. 62:807-813 (2006); Hen-
riksson et al., J Biol. Chem. 282:19905-19916 (2007)); the
Dxr protein from Syrechocystis sp was studied by site-di-
rected mutagenesis with modified activity and altered kinet-
ics (Fernandes et al., Biochim. Biophys. Acta 1764:223-229
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(2006); Fernandes et al., Arch. Biochem. Biophys. 444:159-
164 (2005)). Furthermore, glyceraldehyde 3-phosphate
reductase YghZ from Escherichia coli catalyzes the conver-
sion between glyceraldehyde 3-phosphate and glycerol-3-
phosphate (Desai et al., Biochemistry 47:7983-7985 (2008))
can also be applied to this step. The following genes can be
used for Step A conversion:

Protein GenBank ID GI Number  Organism

dxr P45568.2 2506592 Escherichia coli strain K12

dxr ASU6MA4.1 166218269  Mycobacterium tuberculosis

dxr Q55663.1 2496789 Synechocystis sp. strain
PCC6803

yghZ NP_417474.1 16130899 Escherichia coli strain K12

Erythritol-4-phospate cytidylyltransterase (FIG. 3, Step B)

In Step B of the pathway, erythritol-4-phosphate is con-
verted to 4-(cytidine 5'-diphospho)-erythritol by the erythri-
tol-4-phospate cytidylyltransferase or 4-(cytidine 5'-diphos-
pho)-erythritol synthase. The exact enzyme for this step has
not been identified. However, enzymes catalyzing similar
reactions can be applied to this step. An example is the 2-C-
methyl-D-erythritol 4-phosphate cytidylyltransferase or
4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol synthase
(EC 2.7.7.60). The 2-C-methyl-D-erythritol 4-phospate cyti-
dylyltransferase is in the methylerythritol phosphate pathway
for the isoprenoid biosynthesis and catalyzes the conversion
between 2-C-methyl-D-erythritol 4-phospate and 4-(cytidine
5'-diphospho)-2-C-methyl-D-erythritol, with an extra methyl
group comparing to Step B conversion. The 2-C-methyl-D-
erythritol 4-phosphate cytidylyltransferase is encoded by
ispD gene and the crystal structure of Escherichia coli IspD
was determined (Kemp et al., Acta Crystallogr. D. Biol. Crys-
tallogr. 57:1189-1191 (2001); Kemp et al., Acta Crystallogr.
D. Biol. Crystallogr. 59:607-610 (2003); Richard et al., Nat.
Struct. Biol. 8:641-648 (2001)). The ispD gene from Myco-
bacterium tuberculosis H37Rv was cloned and expressed in
Escherichia coli, and the recombinant proteins were purified
with N-terminal His-tag (Shi et al., J Biochem. Mol. Biol.
40:911-920 (2007)). Additionally, the Streptomyces coeli-
color ispD gene was cloned and expressed in E. co/i, and the
recombinant proteins were characterized physically and
kinetically (Cane et al., Bioorg. Med. Chem. 9:1467-1477
(2001)). The following genes can be used for Step B conver-
sion:

Protein GenBank ID  GI Number Organism

ispD Q46893.3 2833415 Escherichia coli strain K12
ispD ASURQ7.1 166215456 Mycobacterium tuberculosis
ispD Q9L0Q8.1 12230289 Streptomyces coelicolor

4-(Cytidine 5'-diphospho)-erythritol kinase (FIG. 3, Step C)

In Step C of the pathway, 4-(cytidine 5'-diphospho)-eryth-
ritol is converted to 2-phospho-4-(cytidine 5'-diphospho)-
erythritol by the 4-(cytidine 5'-diphospho)-erythritol kinase.
The exact enzyme for this step has not been identified. How-
ever, enzymes catalyzing similar reactions can be applied to
this step. An example is the 4-diphosphocytidyl-2-C-methyl-
erythritol kinase (EC 2.7.1.148). The 4-diphosphocytidyl-2-
C-methylerythritol kinase is also in the methylerythritol
phosphate pathway for the isoprenoid biosynthesis and cata-
lyzes the conversion between 4-(cytidine 5'-diphospho)-2-C-
methyl-D-erythritol and 2-phospho-4-(cytidine 5'-diphos-
pho)-2-C-methyl-D-erythritol, with an extra methyl group
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comparing to Step C conversion. The 4-diphosphocytidyl-2-
C-methylerythritol kinase is encoded by ispE gene and the
crystal structures of Escherichia coli, Thermus thermophilus
HBS, and Aquifex aeolicus IspE were determined (Sgraja et
al., FEBS J 275:2779-2794 (2008); Miallau et al., Proc. Natl.
Acad. Sci. U.S.4 100:9173-9178 (2003); Wada et al., J Biol.
Chem. 278:30022-30027 (2003)). The ispE genes from above
organism were cloned and expressed, and the recombinant
proteins were purified for crystallization. The following
genes can be used for Step C conversion:

Protein GenBank ID GI Number Organism

ispE P62615.1 50402174 Escherichia coli strain K12
ispE P83700.1 51316201 Thermus thermophilus HB8
ispE 067060.1 6919911 Aquifex aeolicus

Erythritol 2,4-cyclodiphosphate synthase (FIG. 3, Step D)

In Step D ofthe pathway, 2-phospho-4-(cytidine 5'-diphos-
pho)-erythritol is converted to erythritol-2,4-cyclodiphos-
phate by the Erythritol 2,4-cyclodiphosphate synthase. The
exact enzyme for this step has not been identified. However,
enzymes catalyzing similar reactions can be applied to this
step. An example is the 2-C-methyl-D-erythritol 2,4-cyclo-
diphosphate synthase (EC 4.6.1.12). The 2-C-methyl-D-
erythritol 2,4-cyclodiphosphate synthase is also in the meth-
ylerythritol phosphate pathway for the isoprenoid
biosynthesis and catalyzes the conversion between 2-phos-
pho-4-(cytidine 5' diphospho)-2-C-methyl-D-erythritol and
2-C-methyl-D-erythritol-2,4-cyclodiphosphate, with an
extra methyl group comparing to step D conversion. The
2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase is
encoded by ispF gene and the crystal structures of Escheri-
chia coli, Thermus thermophilus, Haemophilus influenzae,
and Campylobacter jejuni IspF were determined (Richard et
al., J Biol. Chem. 277:8667-8672 (2002); Steinbacher et al., J
Mol. Biol. 316:79-88 (2002); Lehmann et al., Proteins
49:135-138 (2002); Kishida et al., Acta Crystallogr. D. Biol.
Crystallogr. 59:23-31 (2003); Gabrielsen et al., J Biol. Chem.
279:52753-52761 (2004)). The ispF genes from above organ-
ism were cloned and expressed, and the recombinant proteins
were purified for crystallization. The following genes can be
used for Step D conversion:

Protein GenBank ID GI Number Organism

ispF P62617.1 51317402 Escherichia coli strain K12
ispF Q8RQP5.1 51701599 Thermus thermophilus HB8
ispF P44815.1 1176081 Haemophilus influenzae
ispF Q9PM68.1 12230305 Campylobacter jejuni

1-Hydroxy-2-butenyl 4-diphosphate synthase (FIG. 3, Step
E)

Step E of FIG. 3 entails conversion of erythritol-2.4-cyclo-
diphosphate to 1-hydroxy-2-butenyl 4-diphosphate by 1-hy-
droxy-2-butenyl 4-diphosphate synthase. An enzyme with
this activity has not been characterized to date. This transfor-
mation is analogous to the reduction of 2-C-methyl-D-eryth-
ritol-2,4-cyclodiphosphate to 1-hydroxy-2-methyl-2-(E)-
butenyl 4-diphosphate by (E)-4-hydroxy-3-methylbut-2-
enyl-diphosphate synthase (EC 1.17.7.1). This enzyme is an
iron-sulfur protein that participates in the non-mevalonate
pathway for isoprenoid biosynthesis found in bacteria and
plants. Most bacterial enzymes including the E. coli enzyme,
encoded by ispG, utilize reduced ferredoxin or flavodoxin as
an electron donor (Zepeck et al., J Org. Chem. 70:9168-9174



US 9,169,486 B2

93

(2005)). An analogous enzyme from the thermophilic cyano-
bacterium Thermosynechococcus elongatus BP-1, encoded
by gepE, was heterologously expressed and characterized in
E. coli (Okadaetal.,J Biol. Chem. 280:20672-20679 (2005)).
Additional enzyme candidates from Thermus thermophilus
and Arabidopsis thaliana have been characterized and
expressed in E. coli (Seemann et al., J Biol. Inorg. Chem.
10:131-137 (2005); Kollas et al., FEBS Lett. 532:432-436
(2002)).

Protein  GenBank ID GI Number  Organism

ispG NP_417010.1 16130440 Escherichia coli

gepE NP_681786.1 22298539 Thermosynechococcus elongatus
gepE AAO21364.1 27802077 Thermus thermophilus

gepE AAO15446.1 27462472 Arabidopsis thaliana

1-Hydroxy-2-butenyl 4-diphosphate reductase (FIG. 3, Step
F)

The concurrent dehydration and reduction of 1-hydroxy-
2-butenyl 4-diphosphate is catalyzed by an enzyme with
1-hydroxy-2-butenyl 4-diphosphate reductase activity (FIG.
3, Step F). Such an enzyme will form a mixture of products,
butenyl 4-diphosphate or 2-butenyl 4-diphosphate. An analo-
gous reaction is catalyzed by 4-hydroxy-3-methylbut-2-enyl
diphosphate reductase (EC 1.17.1.2) in the non-mevalonate
pathway for isoprenoid biosynthesis. This enzyme is an iron-
sulfur protein that utilizes reduced ferredoxin or flavodoxin as
an electron donor. Maximal activity of 4-hydroxy-3-methyl-
but-2-enyl diphosphate reductase E. coli, encoded by ispH,
requires both flavodoxin and flavodoxin reductase (Wolff et
al.,, FEBS Lett. 541:115-120 (2003); Grawert et al., J Am.
Chem. Soc. 126:12847-12855 (2004)). In the characterized
catalytic system, reduced flavodoxin is regenerated by the
NAD(P)+-dependent flavodoxin reductase. The enzyme from
Aquifex aeolicus, encoded by 1ytB, was expressed as a His-
tagged enzyme in E. coli and characterized (Altincicek et al.,
FEBS Lett. 532:437-440 (2002)). An analogous enzyme in
plants is encoded by hdr of Arabidopsis thaliana (Botella-
Pavia et al., Plant J 40:188-199 (2004)).

Protein GenBank ID GI Number Organism

ispH AAT38655.1 18652795 Escherichia coli
IytB 067625.1 8928180 Aquifex aeolicus
hdr NP_567965.1 18418433 Arabidopsis thaliana

Altering the expression level of genes involved in iron-
sulfur cluster formation can have an advantageous effect on
the activities of iron-sulfur proteins in the proposed pathways
(for example, enzymes required in Steps E and F of FIG. 3).
In E. coli, it was demonstrated that overexpression of the
iron-sulfur containing protein IspH (analogous to Step F of
FIG. 3) is enhanced by coexpression of genes from the isc
region involved in assembly of iron-sulfur clusters (Grawert
etal.,J Am. Chem. Soc. 126:12847-12855 (2004)). The gene
cluster is composed of the genes icsS, icsU, icsA, hscB, hscA
and fdx. Overexpression of these genes was shown to improve
the synthetic capability of the iron-sulfur assembly pipeline,
required for functional expression of iron-sulfur proteins. A
similar approach can be applicable in the current application.

Protein GenBank ID GI Number Organism

iscS AAT48142.1 48994898 Escherichia coli
iscU AACT5582.1 1788878 Escherichia coli
iscA AACT5581.1 1788877 Escherichia coli
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Protein GenBank ID GI Number Organism
hscB AAC75580.1 1788876 Escherichia coli
hscA AACT75579.1 1788875 Escherichia coli
fdx AACT5578.1 1788874 Escherichia coli

Butenyl 4-diphosphate isomerase (FIG. 3, Step G)

Butenyl 4-diphosphate isomerase catalyzes the reversible
interconversion of 2-butenyl-4-diphosphate and butenyl-4-
diphosphate. The following enzymes can naturally possess
this activity or can be engineered to exhibit this activity.
Useful genes include those that encode enzymes that inter-
convert isopenenyl diphosphate and dimethylallyl diphos-
phate. These include isopentenyl diphosphate isomerase
enzymes from Escherichia coli (Rodriguez-Concepcion et
al., FEBS Lett, 473(3):328-332), Saccharomyces cerevisiae
(Anderson et al., J Biol Chem, 1989, 264(32);19169-75), and
Sulfolobus shibatae (Yamashita et al, Eur J Biochem, 2004,
271(6); 1087-93). The reaction mechanism of isomerization,
catalyzed by the 1di protein of E. coli, has been characterized
in mechanistic detail (de Ruyck et al., J Biol. Chem. 281:
17864-17869 (2006)). Isopentenyl diphosphate isomerase
enzymes from Saccharomyces cerevisiae, Bacillus subtilis
and Haematococcus pluvialis have been heterologously
expressed in F. coli (Laupitz et al., Eur. J Biochem. 271:2658-
2669 (2004); Kajiwara et al., Biochem. J 324 (Pt 2):421-426
(1997)).

Protein GenBank ID GI Number Organism

Idi NP_417365.1 16130791 Escherichia coli

IDI1 NP_015208.1 6325140 Saccharomyces cerevisiae
Idi BAC82424.1 34327946 Sulfolobus shibatae

Idi AAC32209.1 3421423 Haematococcus pluvialis
Idi BAB32625.1 12862826 Bacillus subtilis

Butadiene synthase (FIG. 3, Step H)

Butadiene synthase catalyzes the conversion of 2-butenyl-
4-diphosphate to 1,3-butadiene. The enzymes described
below naturally possess such activity or can be engineered to
exhibit this activity. Isoprene synthase naturally catalyzes the
conversion of dimethylallyl diphosphate to isoprene, but can
also catalyze the synthesis of 1,3-butadiene from 2-butenyl-
4-diphosphate. Isoprene synthases can be found in several
organisms including Populus alba (Sasaki et al., FEBS Let-
ters, 579 (11), 2514-2518 (2005)), Pueraria montana (Lind-
bergetal., Metabolic Eng, 12(1):70-79 (2010); Sharkey et al.,
Plant Physiol., 137(2):700-712 (2005)), and Populus
tremulaxPopulus alba (Miller et al., Planta, 213(3):483-487
(2001)). Additional isoprene synthase enzymes are described
in (Chotani et al., W0O/2010/031079, Systems Using Cell
Culture for Production of Isoprene; Cervin et al., US Patent
Application 20100003716, Isoprene Synthase Variants for
Improved Microbial Production of Isoprene).

Protein GenBank ID GI Number  Organism

ispS BAD98243.1 63108310 Populus alba

ispS AAQ8R4170.1 35187004 Pueraria montana

ispS CAC35696.1 13539551 Populus tremula x Populus alba

Erythrose-4-phosphate kinase (FIG. 3, Step I)

In Step I of the pathway, erythrose-4-phosphate is con-
verted to erythrose by the erythrose-4-phosphate kinase. In
industrial fermentative production of erythritol by yeasts,
glucose was converted to erythrose-4-phosphate through the
pentose phosphate pathway and erythrose-4-phosphate was
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dephosphorylated and reduced to produce erythritol (Moon et
al., Appl. Microbiol Biotechnol. 86:1017-1025 (2010)). Thus,
erythrose-4-phosphate kinase is present in many of these
erythritol-producing yeasts, including 7richosporonoides
megachiliensis SN-G42(Sawada et al., J Biosci. Bioeng. 108:
385-390 (2009)), Candida magnolia (Kohl et al., Biotechnol.
Lett. 25:2103-2105 (2003)), and Torula sp. (HAINY et al.,
Appl. Microbiol 12:240-246 (1964); Oh et al. J Ind. Microbiol
Biotechnol. 26:248-252 (2001)). However, the erythrose-4-
phosphate kinase genes were not identified get. There are
many polyol phosphotransferases with wide substrate range
that can be applied to this step. An example is the triose kinase
(EC 2.7.1.28) catalyzing the reversible conversion between
glyceraldehydes and glyceraldehydes-3-phosphate, which
are one carbon shorter comparing to Step 1. Other examples
include the xylulokinase (EC 2.7.1.17) or arabinokinase (EC
2.7.1.54) that catalyzes phosphorylation of 5C polyol alde-
hyde. The following genes can be used for Step I conversion:

Protein GenBank ID GI Number Organism

xylB P09099.1 139849 Escherichia coli strain K12
xks1 P42826.2 1723736 Saccharomyces cerevisiae
xylB P29444.1 267426 Klebsiella pneumoniae
dakl QYHFC5 74624685 Zygosaccharomyces rouxii

Erythrose reductase (FIG. 3, Step I)

In Step J of the pathway, erythrose is converted to erythritol
by the erythrose reductase. In industrial fermentative produc-
tion of erythritol by yeasts, glucose was converted to eryth-
rose-4-phosphate through the pentose phosphate pathway
and erythrose-4-phosphate was dephosphorylated and
reduced to produce erythritol (Moon et al., supra, (2010)).
Thus, erythrose reductase is present in many of these eryth-
ritol-producing yeasts, including 7richosporonoides mega-
chiliensis SN-G42 (Sawada et al., supra, (2009)), Candida
magnolia (Kohl et al., supra, (2003)), and Torula sp. (HAINY
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Bioorg. Med. Chem. Lett. 13:737-739 (2003)). The following
genes can be used for Step K conversion:

Protein GenBank ID GI Number  Organism

ervA Q8YCUR 81850596 Brucella melitensis

eriA Q92NHO 81774560 Sinorhizobium meliloti

ervA YP_001108625.1 134102964  Saccharopolyspora erythraea
NRRL 2338

Malonyl-CoA:acetyl-CoA acyltransferase (FIG. 4, Step A)

In Step A of the pathway described in FIG. 4, malonyl-CoA
and acetyl-CoA are condensed to form 3-oxoglutaryl-CoA by
malonyl-CoA:acetyl-CoA acyl transferase, a beta-keothio-
lase. Although no enzyme with activity on malonyl-CoA has
been reported to date, a good candidate for this transforma-
tion is beta-ketoadipyl-CoA thiolase (EC 2.3.1.174), also
called 3-oxoadipyl-CoA thiolase that converts beta-ketoad-
ipyl-CoA to succinyl-CoA and acetyl-CoA, and is a key
enzyme of the beta-ketoadipate pathway for aromatic com-
pound degradation. The enzyme is widespread in soil bacteria
and fungi including Pseudomonas putida (Harwood et al., J
Bacteriol. 176:6479-6488 (1994)) and Acinetobacter cal-
coaceticus (Doten et al., J Bacteriol. 169:3168-3174 (1987)).
The gene products encoded by pcaF in Pseudomonas strain
B13 (Kaschabek et al., J Bacteriol. 184:207-215 (2002)),
phaD in Pseudomonas putida U (Olivera et al., supra,
(1998)), paak in Pseudomonas fluorescens ST (Di Gennaro et
al., Arch Microbiol. 88:117-125 (2007)), and paal from FE.
coli (Nogales et al., Microbiology, 153:357-365 (2007)) also
catalyze this transformation. Several beta-ketothiolases
exhibit significant and selective activities in the oxoadipyl-
CoA forming direction including bkt from Pseudomonas
putida, pcaF and bkt from Pseudomonas aeruginosa PAO1,
bkt from Burkholderia ambifaria AMMD, paal from E. coli,
and phaD from P. putida. These enzymes can also be
employed for the synthesis of 3-oxoglutaryl-CoA, a com-
pound structurally similar to 3-oxoadipyl-CoA.

et al., supra, (1964); Oh et al., supra, (2001)). Erythrose 40
reductase was characterized and purified from Torula coral- Protein GenBank D GI Numb Oroant
. . roteimn €Nban. umber TganIsIm
lina (Lee et al., Biotechnol. Prog. 19:495-500 (2003); Lee et &
al., Appl. Environ. Microbiol 68:4534-4538 (2002)), Candida paaJ  NP_415915.1 16129358  Escherichia coli
magnolia (Lee et al., Appl. Environ. Microbiol 69:3710-3718 PlclaF AAL02407 17736947 Pseuj"m"”as k”“?;"”””” (B13)
(2003)) and Trichosporonoides megachiliensis SN-G42 45 P ab - AAC24332.1 3233200 Pseudomonas putida
peaF AAAB5138.1 506695 Pseudomonas putida
(Sawada et al., supra, (2009))~ Several erythrose reductase peaF AAC37148.1 141777 Acinetobacter calcoaceticus
genes were cloned and can be applied to Step J. The following paaE  ABF82237.1 106636097  Pseudomonas fluorescens
genes can be used for Step J conversion: bkt YP_777652.1 115360515  Burkholderia ambifaria AMMD
bkt AAGO06977.1 9949744 Pseudomonas aeruginosa PAO1
50 pcalF AAGO03617.1 9946065 Pseudomonas aeruginosa PAO1
Protein GenBank ID GINumber Organism
) PPy —— ” Another relevant beta-ketothiolase is oxopimeloyl-CoA:
alr . anaiaa magnotiae _ .
erl BADY0687.1 60458781  Trichosporonoides megachiliensis glutaryl-CoA acyltransferase (EC 2.3.1.16) that combines
er2 BADO0688.1 60458783  Trichosporonoides megachiliensis glutaryl-CoA and acetyl-CoA to form 3-oxopimeloyl-CoA.
er3 BAD90689.1 60458785  Trichosporonoides megachiliensis 55 An enzyme catalyzing this transformation is found in Ralsto-

Erythritol kinase (FIG. 3, Step K)

In Step K of the pathway, erythritol is converted to eryth-
ritol-4-phosphate by the erythritol kinase. Erythritol kinase
(EC 2.7.1.27) catalyzes the phosphorylation of erythritol.
Erythritol kinase was characterized in erythritol utilizing bac-
teria such as Brucella abortus (Sperry et al., J Bacteriol.
121:619-630 (1975)). The ery A gene of Brucella abortus has
been functionally expressed in Escherichia coli and the
resultant EryA was shown to catalyze the ATP-dependent
conversion of erythritol to erythritol-4-phosphate (Lillo et al.,

60

65

nia eutropha (formerly known as Alcaligenes eutrophus),
encoded by genes bktB and bktC (Slater et al., J. Bacteriol.
180:1979-1987 (1998); Haywood et al., FEMS Microbiology
Letters 52:91-96 (1988)). The sequence of the BktB protein is
known; however, the sequence of the BktC protein has not
been reported. The pim operon of Rhodopseudomonas palus-
tris also encodes a beta-ketothiolase, encoded by pimB, pre-
dicted to catalyze this transformation in the degradative direc-
tion during benzoyl-CoA degradation (Harrison et al.,
Microbiology 151:727-736 (2005)). A beta-ketothiolase
enzyme candidate in S. aciditrophicus was identified by
sequence homology to bktB (43% identity, evalue=1e-93).
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Protein GenBank ID GI Number  Organism

bktB YP__725948 11386745 Ralstonia eutropha

pimB CAE29156 39650633 Rhodopseudomonas
palustris

syn_02642 YP_462685.1 85860483 Syntrophus aciditrophicus

Beta-ketothiolase enzymes catalyzing the formation of
beta-ketovaleryl-CoA from acetyl-CoA and propionyl-CoA
can also be able to catalyze the formation of 3-oxoglutaryl-
CoA. Zoogloea ramigera possesses two ketothiolases that
can form f-ketovaleryl-CoA from propionyl-CoA and acetyl-
CoA and R. eutropha has a p-oxidation ketothiolase that is
also capable of catalyzing this transformation (Slater et al., J.
Bacteriol, 180:1979-1987 (1998)). The sequences of these
genes or their translated proteins have not been reported, but
several candidates in R. eutropha, Z. ramigera, or other
organisms can be identified based on sequence homology to
bktB from R. eutropha. These include:

Protein GenBank ID GI Number  Organism

phaA YP_725941.1 113867452  Ralstonia eutropha
h16__A1713 YP_726205.1 113867716  Ralstonia eutropha
pcaF YP__728366.1 116694155  Ralstonia eutropha
h16_B1369 YP_ 840888.1 116695312 Ralstonia eutropha
h16__A0170 YP_724690.1 113866201  Ralstonia eutropha
h16__A0462 YP_ 724980.1 113866491  Ralstonia eutropha
h16__A1528 YP_726028.1 113867539  Ralstonia eutropha
hl6__B0381 YP_728545.1 116694334 Ralstonia eutropha
h16_B0662 YP_728824.1 116694613 Ralstonia eutropha
h16_B0759 YP_728921.1 116694710  Ralstonia eutropha
h16_B0668 YP_ 728830.1 116694619  Ralstonia eutropha
hl6__A1720 YP_726212.1 113867723  Ralstonia eutropha
h16__A1887 YP_726356.1 113867867  Ralstonia eutropha
phbA P07097.4 135759 Zoogloea ramigera
bktB YP_002005382.1 194289475  Cupriavidus taiwanensis
Rmet_ 1362 YP_583514.1 94310304 Ralstonia metallidurans
Bphy_ 0975 YP_001857210.1 186475740  Burkholderia phymatum

Additional candidates include beta-ketothiolases that are
known to convert two molecules of acetyl-CoA into
acetoacetyl-CoA (EC 2.1.3.9). Exemplary acetoacetyl-CoA
thiolase enzymes include the gene products of atoB from E.
coli (Martin et al., supra, (2003)), thlA and thlB from C.
acetobutylicum (Hanai et al., supra, (2007); Winzer et al.,
supra, (2000)), and ERG10 from S. cerevisiae (Hiser et al.,
supra, (1994)).

Protein GenBank ID GI Number Organism

toB NP_416728 16130161 Escherichia coli

thlA NP_349476.1 15896127 Clostridium acetobutylicum
thlB NP_149242.1 15004782 Clostridium acetobutylicum
ERG10 NP_ 015297 6325229 Saccharomyces cerevisiae

3-oxoglutaryl-CoA reductase (ketone-reducing) (FIG. 4,
Step B)

This enzyme catalyzes the reduction of the 3-oxo group in
3-oxoglutaryl-CoA to the 3-hydroxy group in Step B of the
pathway shown in FIG. 4.

3-Oxoacyl-CoA dehydrogenase enzymes convert 3-oxoa-
cyl-CoA molecules into 3-hydroxyacyl-CoA molecules and
are often involved in fatty acid beta-oxidation or phenylac-
etate catabolism. For example, subunits of two fatty acid
oxidation complexes in E. coli, encoded by fadB and fadJ,
function as 3-hydroxyacyl-CoA dehydrogenases (Binstock et
al.,, Methods Enzymol. 71 Pt C:403-411 (1981)). Further-
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more, the gene products encoded by phaC in Pseudomonas
putida U (Olivera et al., supra, (1998)) and paaC in
Pseudomonas fluorescens ST (Di et al., supra, (2007)) cata-
lyze the reversible oxidation of 3-hydroxyadipyl-CoA to
form 3-oxoadipyl-CoA, during the catabolism of phenylac-
etate or styrene. In addition, given the proximity in £. coli of
paaH to other genes in the phenylacetate degradation operon
(Nogales et al., supra, (2007)) and the fact that paaH mutants
cannot grow on phenylacetate (Ismail et al., supra, (2003)), it
is expected that the F. coli paaH gene encodes a 3-hydroxya-
cyl-CoA dehydrogenase.

Protein GenBank ID GI Number Organism

fadB P21177.2 119811 Escherichia coli

fadl P77399.1 3334437 Escherichia coli

paaH NP_415913.1 16129356 Escherichia coli

phaC NP__745425.1 26990000 Pseudomonas putida
paaC ABF82235.1 106636095 Pseudomonas fluorescens

3-Hydroxybutyryl-CoA  dehydrogenase, also called
acetoacetyl-CoA reductase, catalyzes the reversible NAD(P)
H-dependent conversion of acetoacetyl-CoA to 3-hydroxy-
butyryl-CoA. This enzyme participates in the acetyl-CoA
fermentation pathway to butyrate in several species of
Clostridia and has been studied in detail (Jones and Woods,
supra, (1986)). Enzyme candidates include hbd from C.
acetobutylicum (Boynton et al., J. Bacteriol. 178:3015-3024
(1996)), hbd from C. beijerinckii (Colby et al., Appl Environ.
Microbiol 58:3297-3302 (1992)), and a number of similar
enzymes from Metallosphaera sedula (Berg et al., supra,
(2007)). The enzyme from Clostridium acetobutylicum,
encoded by hbd, has been cloned and functionally expressed
in E. coli (Youngleson et al., supra, (1989)). Yet other genes
demonstrated to reduce acetoacetyl-CoA to 3-hydroxybu-
tyryl-CoA are phbB from Zoogloea ramigera (Ploux et al.,
supra, (1988)) and phaB from Rhodobacter sphaeroides (Al-
ber et al., supra, (2006)). The former gene is NADPH-depen-
dent, its nucleotide sequence has been determined (Peoples
and Sinskey, supra, (1989)) and the gene has been expressed
in E. coli. Additional genes include hbdl (C-terminal
domain) and hbd2 (N-terminal domain) in Clostridium
kluyveri (Hillmer and Gottschalk, Biochim. Biophys. Acta
3334:12-23 (1974)) and HSD17B10 in Bos taurus (WAKIL
et al., supra, (1954)).

Protein GenBank ID GI Number  Organism

hbd NP_349314.1 158935965 Clostridium
acetobutylicum

hbd AAM14586.1 20162442 Clostridium beijerinckii

Msed_ 1423 YP_ 001191505 146304189  Metallosphaera sedula

Msed_0399 YP_001190500 146303184  Metallosphaera sedula

Msed_0389 YP_001190490 146303174  Metallosphaera sedula

Msed_1993 YP_001192057 146304741  Metallosphaera sedula

hbd2 EDK34807.1 146348271  Clostridium kluyveri

hbd1 EDK32512.1 146345976 Clostridium kiuyveri

HSD17B10  002691.3 3183024 Bos taurus

phaB YP_353825.1 77464321 Rhodobacter sphaeroides

phbB P23238.1 130017 Zoogloea ramigera

3-hydroxy glutaryl-CoA reductase (aldehyde forming) (FIG.
4, Step C)

3-hydroxyglutaryl-CoA reductase reduces 3-hydroxyglu-
taryl-CoA to 3-hydroxy-5-oxopentanoate. Several acyl-CoA
dehydrogenases reduce an acyl-CoA to its corresponding
aldehyde (EC 1.2.1). Exemplary genes that encode such
enzymes include the Acinetobacter calcoaceticus acr 1
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encoding a fatty acyl-CoA reductase (Reiser and Somerville,
supra, (1997)), the Acinetobacter sp. M-1 fatty acyl-CoA
reductase (Ishige et al., supra, (2002)), and a CoA- and
NADP-dependent succinate semialdehyde dehydrogenase
encoded by the sucD gene in Clostridium kluyveri (Sohling
and Gottschalk, supra, (1996); Sohling and Gottschalk, supra,
(1996)). SucD of P. gingivalis is another succinate semialde-
hyde dehydrogenase (Takahashi et al., supra, (2000)). The
enzyme acylating acetaldehyde dehydrogenase in Pseudomo-
nas sp, encoded by bphG, is yet another as it has been dem-
onstrated to oxidize and acylate acetaldehyde, propionalde-
hyde, butyraldehyde, isobutyraldehyde and formaldehyde
(Powlowski et al., supra, (1993)). In addition to reducing
acetyl-CoA to ethanol, the enzyme encoded by adhE in Leu-
conostoc mesenteroides has been shown to oxidize the
branched chain compound isobutyraldehyde to isobutyryl-
CoA (Koo et al., Biotechnol Lett. 27:505-510 (2005)).
Butyraldehyde dehydrogenase catalyzes a similar reaction,
conversion of butyryl-CoA to butyraldehyde, in solventoge-
nic organisms such as Clostridium saccharoperbutylacetoni-
cum (Kosaka et al., Biosci. Biotechnol Biochem. 71:58-68
(2007)).

Protein GenBank ID GI Number  Organism

acrl YP_047869.1 50086359 Acinetobacter calcoaceticus
acrl AACA45217 1684886 Acinetobacter baylyi

acrl BABR85476.1 18857901 Acinetobacter sp. Strain M-1
sucD P38947.1 172046062  Clostridium kluyveri

sucD NP_904963.1 34540484 Porphyromonas gingivalis
bphG BAA03892.1 425213 Pseudomonas sp

adhE AAV66076.1 55818563 Leuconostoc mesenteroides
Protein GenBank ID  GI Number Organism

bld AAP42563.1 31075383 Clostridium

saccharoperbutylacetonicum

An additional enzyme type that converts an acyl-CoA to its
corresponding aldehyde is malonyl-CoA reductase which
transforms malonyl-CoA to malonic semialdehyde. Malonyl-
CoA reductase is a key enzyme in autotrophic carbon fixation
via the 3-hydroxypropionate cycle in thermoacidophilic
archael bacteria (Berg et al., supra, (2007b); Thauer, supra,
(2007)). The enzyme utilizes NADPH as a cofactor and has
been characterized in Metallosphaera and Sulfolobus spp
(Alber et al., supra, (2006); Hugler et al., supra, (2002)). The
enzyme is encoded by Msed_ 0709 in Metallosphaera sedula
(Alber et al., supra, (2006); Berg et al., supra, (2007b)). A
gene encoding a malonyl-CoA reductase from Sulfolobus
tokodaii was cloned and heterologously expressed in E. coli
(Alber et al., supra, (2006)). This enzyme has also been
shown to catalyze the conversion of methylmalonyl-CoA to
its corresponding aldehyde (W0O/2007/141208). Although
the aldehyde dehydrogenase functionality of these enzymes
is similar to the bifunctional dehydrogenase from Chlorof-
lexus aurantiacus, there is little sequence similarity. Both
malonyl-CoA reductase enzyme candidates have high
sequence similarity to aspartate-semialdehyde dehydroge-
nase, an enzyme catalyzing the reduction and concurrent
dephosphorylation of aspartyl-4-phosphate to aspartate semi-
aldehyde. Additional gene candidates can be found by
sequence homology to proteins in other organisms including
Sulfolobus solfataricus and Sulfolobus acidocaldarius. Yet
another acyl-CoA reductase (aldehyde forming) candidate is
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the ald gene from Clostridium beijerinckii (Toth et al., Appl
Environ. Microbiol 65:4973-4980 (1999)). This enzyme has
been reported to reduce acetyl-CoA and butyryl-CoA to their
corresponding aldehydes. This gene is very similar to cutE
that encodes acetaldehyde dehydrogenase of Salmonella
typhimurium and E. coli (Toth et al., supra, (1999)).

Protein GenBank ID GI Number  Organism

MSED_ 0709  YP_001190808.1 146303492  Metallosphaera sedula

mer NP_378167.1 15922498 Sulfolobus tokodaii

asd-2 NP_343563.1 15898958 Sulfolobus
solfataricus

Saci_ 2370 YP_256941.1 70608071 Sulfolobus
acidocaldarius

Ald AAT66436 9473535 Clostridium
beijerinckii

eutE AAAB0209 687645 Salmonella
typhimurium

eutE P77445 2498347 Escherichia coli

3-hydroxy-5-oxopentanoate reductase (FIG. 4, Step D)

This enzyme reduces the terminal aldehyde group in 3-hy-
droxy-5-oxopentanote to the alcohol group. Exemplary genes
encoding enzymes that catalyze the conversion of an alde-
hyde to alcohol (i.e., alcohol dehydrogenase or equivalently
aldehyde reductase, 1.1.1.a) include alrA encoding a
medium-chain alcohol dehydrogenase for C2-C14 (Tani et
al., supra, (2000)), ADH2 from Saccharomyces cerevisiae
(Atsumi et al., supra, (2008)), yghD from E. coli which has
preference for molecules longer than C(3) (Sulzenbacher et
al., supra, (2004)), and bdh I and bdh I1 from C. acetobutyli-
cum which converts butyryaldehyde into butanol (Walter et
al., supra, (1992)). The gene product of yqhD catalyzes the
reduction of acetaldehyde, malondialdehyde, propionalde-
hyde, butyraldehyde, and acrolein using NADPH as the
cofactor (Perez et al., 283:7346-7353 (2008); Perez et al., J
Biol. Chem. 283:7346-7353 (2008)). The adhA gene product
from Zymomonas mobilis has been demonstrated to have
activity on a number of aldehydes including formaldehyde,
acetaldehyde, propionaldehyde, butyraldehyde, and acrolein
(Kinoshita et al., Appl Microbiol Biotechnol 22:249-254
(1985)).

Protein GenBank ID GI Number  Organism

alrA BABI12273.1 9967138 Acinetobacter sp. Strain M-1
ADH?2 NP_014032.1 6323961 Saccharomyces cerevisiae
yqhD NP_417484.1 16130909 Escherichia coli

bdh I NP_349892.1 15896543 Clostridium acetobutylicum
bdh II NP__349891.1 15896542 Clostridium acetobutylicum
adhA YP_162971.1 56552132 Zymomonas mobilis

Enzymes exhibiting 4-hydroxybutyrate dehydrogenase
activity (EC 1.1.1.61) also fall into this category. Such
enzymes have been characterized in Ralstonia eutropha
(Bravo et al., supra, (2004)), Clostridium kluyveri (Wolff and
Kenealy, supra, (1995)) and Arabidopsis thaliana (Breitkreuz
etal., supra, (2003)). The 4. thaliana enzyme was cloned and
characterized in yeast [12882961]. Yet another gene is the
alcohol dehydrogenase adhl from Geobacillus thermoglu-
cosidasius (Jeon et al., J Biotechnol 135:127-133 (2008)).

Protein GenBank ID GI Number Organism
4hbd YP__726053.1 113867564 Ralstonia eutropha H16
4hbd EDK35022.1 146348486 Clostridium kluyveri
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Protein GenBank ID GI Number Organism
4hbd Q94B07 75249805 Arabidopsis thaliana
adhl AAR91477.1 40795502 Geobacillus

thermoglucosidasius

Another exemplary enzyme is 3-hydroxyisobutyrate dehy-
drogenase (EC 1.1.1.31) which catalyzes the reversible oxi-
dation of 3-hydroxyisobutyrate to methylmalonate semialde-
hyde. This enzyme participates in valine, leucine and
isoleucine degradation and has been identified in bacteria,
eukaryotes, and mammals. The enzyme encoded by P84067
from Thermus thermophilus HBS8 has been structurally char-
acterized (Lokanath et al., J Mol Biol 352:905-17 (2005)).
The reversibility of the human 3-hydroxyisobutyrate dehy-
drogenase was demonstrated using isotopically-labeled sub-
strate (Manning et al., Biochem J231:481-4 (1985)). Addi-
tional genes encoding this enzyme include 3hidh in Homo
sapiens (Hawes et al., Methods Enzymol 324:218-228
(2000)) and Oryctolagus cuniculus (Hawes et al., supra,
(2000); Chowdhury et al., Biosci. Biotechnol Biochem.
60:2043-2047 (1996)), mmsb in Pseudomonas aeruginosa,
and dhat in Pseudomonas putida (Aberhart et al., J Chem.
Soc. [Perkin 1]16:1404-1406 (1979); Chowdhury et al., supra,
(1996); Chowdhury et al., Biosci. Biotechnol Biochem.
67:438-441 (2003)).

Protein GenBank ID GI Number Organism

P84067 P84067 75345323 Thermus thermophilus
mmsb P28811.1 127211 Pseudomonas aeruginosa
dhat Q59477.1 2842618 Pseudomonas putida
3hidh P31937.2 12643395 Homo sapiens

3hidh P32185.1 416872 Oryctolagus cuniculus

The conversion of malonic semialdehyde to 3-HP can also
be accomplished by two other enzymes: NADH-dependent
3-hydroxypropionate dehydrogenase and NADPH-depen-
dent malonate semialdehyde reductase. An NADH-depen-
dent 3-hydroxypropionate dehydrogenase is thought to par-
ticipate in beta-alanine biosynthesis pathways from
propionate in bacteria and plants (Rathinasabapathi B., Jour-
nal of Plant Pathology 159:671-674 (2002); Stadtman, J. Am.
Chem. Soc. 77:5765-5766 (1955)). This enzyme has not been
associated with a gene in any organism to date. NADPH-
dependent malonate semialdehyde reductase catalyzes the
reverse reaction in autotrophic CO2-fixing bacteria. Although
the enzyme activity has been detected in Metallosphaera
sedula, the identity of the gene is not known (Alber et al.,
supra, (2006)).

3,5-dihydroxypentanoate kinase (FIG. 4, Step E)

This enzyme phosphorylates 3,5-dihydroxypentanotae in
FIG. 4 (Step E) to form 3-hydroxy-5-phosphonatooxypen-
tanoate (3HSPP). This transformation can be catalyzed by
enzymes in the EC class 2.7.1 that enable the ATP-dependent
transfer of a phosphate group to an alcohol.

A good candidate for this step is mevalonate kinase (EC
2.7.1.36) that phosphorylates the terminal hydroxyl group of
the methyl analog, mevalonate, of 3,5-dihydroxypentanote.
Some gene candidates for this step are ergl2 from S. cerevi-
siae, mvk from Methanocaldococcus jannaschi, MVK from
Homo sapeins, and mvk from Arabidopsis thaliana col.
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Protein GenBank ID GI Number  Organism

ergl2 CAA39359.1 3684 Sachharomyces cerevisiae

mvk Q58487.1 2497517 Methanocaldococcus jannaschii
mvk AAH16140.1 16359371 Homo sapiens

M\mvk NP_851084.1 30690651 Arabidopsis thaliana

Glycerol kinase also phosphorylates the terminal hydroxyl
group in glycerol to form glycerol-3-phosphate. This reaction
occurs in several species, including Escherichia coli, Saccha-
romyces cerevisiae, and Thermotoga maritima. The E. coli
glycerol kinase has been shown to accept alternate substrates
such as dihydroxyacetone and glyceraldehyde (Hayashi and
Lin, supra, (1967)). T, maritime has two glycerol kinases
(Nelson et al., supra, (1999)). Glycerol kinases have been
shown to have a wide range of substrate specificity. Crans and
Whiteside studied glycerol kinases from four different organ-
isms (Escherichia coli, S. cerevisiae, Bacillus stearothermo-
philus, and Candida mycoderma) (Crans and Whitesides,
supra, (2010); Nelson et al., supra, (1999)). They studied 66
different analogs of glycerol and concluded that the enzyme
could accept a range of substituents in place of one terminal
hydroxyl group and that the hydrogen atom at C2 could be
replaced by a methyl group. Interestingly, the kinetic con-
stants of the enzyme from all four organisms were very simi-
lar. The gene candidates are:

Protein GenBank ID GI Number  Organism

glpK AP__003883.1 89110103 Escherichia coli K12

glpK1 NP_228760.1 15642775 Thermotoga mavitime MSB8
glpK2 NP_229230.1 15642775 Thermotoga mavitime MSB8
Gutl NP_011831.1 82795252 Saccharomyces cerevisiae

Homoserine kinase is another possible candidate that can
lead to the phosphorylation of 3,5-dihydroxypentanoate. This
enzyme is also present in a number of organisms including F.
coli, Streptomyces sp, and S. cerevisiae. Homoserine kinase
from E. coli has been shown to have activity on numerous
substrates, including, [-2-amino,1,4-butanediol, aspartate
semialdehyde, and 2-amino-5-hydroxyvalerate (Huo and
Viola, supra, (1996); Huo and Viola, supra, (1996)). This
enzyme can act on substrates where the carboxyl group at the
alpha position has been replaced by an ester or by a
hydroxymethyl group. The gene candidates are:

Protein GenBank ID GI Number  Organism

thrB BAB96580.2 85674277 Escherichia
coli K12

SACT1DRAFT_4809 ZP_06280784.1 282871792  Streptomyces
sp. ACT-1

Thrl AAA35154.1 172978 Saccharomyces
serevisiae

3HSPP kinase (FIG. 4, Step F)

Phosphorylation of 3HSPP to 3HSPDP is catalyzed by
3HS5PP kinase (FIG. 4, Step F). Phosphomevalonate kinase
(EC 2.7.4.2) catalyzes the analogous transformation in the
mevalonate pathway. This enzyme is encoded by erg8 in
Saccharomyces cerevisiae (Tsay et al., Mol Cell Biol.
11:620-631 (1991)) and mvaK2 in Streptococcus pneumo-
niae, Staphylococcus aureus and Enterococcus faecalis
(Dounetal., Protein Sci. 14:1134-1139 (2005); Wilding et al.,
J. Bacteriol. 182:4319-4327 (2000)). The Streptococcus
preumoniae and Enterococcus faecalis enzymes were cloned
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and characterized in E. coli (Pilloff et al., J Biol. Chem.
278:4510-4515 (2003); Doun et al., Protein Sci. 14:1134-
1139 (2005)).

Protein GenBank ID GI Number Organism

Erg8 AAA34596.1 171479 Saccharomyces cerevisiae
mvaK?2 AAG02426.1 9937366 Staphylococcus aureus
mvaK?2 AAG02457.1 9937409 Streptococcus pneumoniae
mvaK?2 AAG02442.1 9937388 Enterococcus faecalis

3HS5PDP decarboxylase (FIG. 4, Step G)

Butenyl 4-diphosphate is formed from the ATP-dependent
decarboxylation of 3HSPDP by 3HSPDP decarboxylase
(FIG. 4, Step G). Although an enzyme with this activity has
not been characterized to date a similar reaction is catalyzed
by mevalonate diphosphate decarboxylase (EC 4.1.1.33), an
enzyme participating in the mevalonate pathway for iso-
prenoid biosynthesis. This reaction is catalyzed by MVD1 in
Saccharomyces cerevisiae, MVD in Homo sapiens and MDD

in Staphylococcus aureus and Trypsonoma brucei (Tothetal.,
JBiol. Chem. 271:7895-7898 (1996); Byres etal., JMol. Biol.
371:540-553 (2007)).

Protein GenBank ID GI Number Organism

MVD1 P32377.2 1706682 Saccharomyces cerevisiae
MVD NP_002452.1 4505289 Homo sapiens

MDD ABQ48418.1 147740120 Staphylococcus aureus
MDD EAN78728.1 70833224 Trypsonoma brucei

Butenyl 4-diphosphate isomerase (FIG. 4, Step H)

Butenyl 4-diphosphate isomerase catalyzes the reversible
interconversion of 2-butenyl-4-diphosphate and butenyl-4-
diphosphate. The following enzymes can naturally possess
this activity or can be engineered to exhibit this activity.
Useful genes include those that encode enzymes that inter-
convert isopenenyl diphosphate and dimethylallyl diphos-
phate. These include isopentenyl diphosphate isomerase
enzymes from Escherichia coli (Rodriguez-Concepcion et
al., FEBS Lett, 473(3):328-332), Saccharomyces cerevisiae
(Anderson et al., J Biol Chem, 1989, 264(32); 19169-75), and
Sulfolobus shibatae (Yamashita et al., Fur J Biochem, 2004,
271(6); 1087-93). The reaction mechanism of isomerization,
catalyzed by the 1di protein of E. coli, has been characterized
in mechanistic detail (de Ruyck et al., J Biol. Chem. 281:
17864-17869 (2006)). Isopentenyl diphosphate isomerase
enzymes from Saccharomyces cerevisiae, Bacillus subtilis
and Haematococcus pluvialis have been heterologously
expressed in . coli (Laupitz et al., Eur. J Biochem. 271:2658-
2669 (2004); Kajiwara et al., Biochem. J324 (Pt 2):421-426
(1997)).

Protein GenBank ID GI Number Organism

Idi NP_417365.1 16130791 Escherichia coli

IDI1 NP_015208.1 6325140 Saccharomyces cerevisiae
Idi BACR2424.1 34327946 Sulfolobus shibatae

Idi AAC32209.1 3421423 Haematococcus pluvialis
Idi BAB32625.1 12862826 Bacillus subtilis

Butadiene synthase (FIG. 4, Step 1)

Butadiene synthase catalyzes the conversion of 2-butenyl-
4-diphosphate to 1,3-butadiene. The enzymes described
below naturally possess such activity or can be engineered to
exhibit this activity. Isoprene synthase naturally catalyzes the

10

15

20

25

30

35

40

45

50

55

60

104

conversion of dimethylallyl diphosphate to isoprene, but can
also catalyze the synthesis of 1,3-butadiene from 2-butenyl-
4-diphosphate. Isoprene synthases can be found in several
organisms including Populus alba (Sasaki et al., FEBS Let-
ters, 2005, 579 (11), 2514-2518), Pueraria montana (Lind-
bergetal., Metabolic Eng, 12(1):70-79 (2010); Sharkey et al.,
Plant Physiol., 137(2):700-712 (2005)), and Populus
tremulaxPopulus alba (Miller et al., Planta, 213(3):483-487
(2001)). Additional isoprene synthase enzymes are described
in (Chotani et al., W0O/2010/031079, Systems Using Cell
Culture for Production of Isoprene; Cervin et al., US Patent
Application 20100003716, Isoprene Synthase Variants for
Improved Microbial Production of Isoprene).

Protein GenBank ID GI Number  Organism

ispS BAD98243.1 63108310 Populus alba

ispS AAQ8R4170.1 35187004 Pueraria montana

ispS CAC35696.1 13539551 Populus tremula x Populus alba

3-Hydroxy glutaryl-CoA reductase (alcohol forming) (FIG.
4, Step J)

This step catalyzes the reduction of the acyl-CoA group in
3-hydroxyglutaryl-CoA to the alcohol group. Exemplary
bifunctional oxidoreductases that convert an acyl-CoA to
alcohol include those that transform substrates such as acetyl-
CoA to ethanol (e.g., adhE from F. coli (Kessler et al., supra,
(1991)) and butyryl-CoA to butanol (e.g. adhE2 from C.
acetobutylicum (Fontaine et al., supra, (2002)). In addition to
reducing acetyl-CoA to ethanol, the enzyme encoded by adhE
in Leuconostoc mesenteroides has been shown to oxide the
branched chain compound isobutyraldehyde to isobutyryl-
CoA (Kazahaya et al., supra, (1972); Koo et al., supra,
(2005)).

Another exemplary enzyme can convert malonyl-CoA to
3-HP. An NADPH-dependent enzyme with this activity has
characterized in Chloroflexus aurantiacus where it partici-
pates in the 3-hydroxypropionate cycle (Hugler et al., supra,
(2002); Strauss and Fuchs, supra, (1993)). This enzyme, with
a mass of 300 kDa, is highly substrate-specific and shows
little sequence similarity to other known oxidoreductases
(Hugler et al., supra, (2002)). No enzymes in other organisms
have been shown to catalyze this specific reaction; however
there is bioinformatic evidence that other organisms can have
similar pathways (Klatt et al., supra, (2007)). Enzyme candi-
dates in other organisms including Roseiflexus castenholzii,
Erythrobacter sp. NAP1 and marine gamma proteobacterium
HTCC2080 can be inferred by sequence similarity.

Protein GenBank ID GI Number  Organism
adhE NP_415757.1 16129202 Escherichia coli
adhE2 AAK09379.1 12958626 Clostridium
acetobutylicum
adhE AAV66076.1 55818563 Leuconostoc
mesenteroides
mer AAS20429.1 42561982 Chloroflexus
aurantiacus
Reas_ 2929 YP_001433009.1 156742880  Roseiflexus
castenholzii
NAP1_ 02720 ZP_01039179.1 85708113 Erythrobacter
sp. NAP1
MGP2080_00535 ZP_01626393.1 119504313  marine gamma

proteobacterium
HTCC2080

Longer chain acyl-CoA molecules can be reduced to their
corresponding alcohols by enzymes such as the jojoba (Sim-
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mondsia chinensis) FAR which encodes an alcohol-forming
fatty acyl-CoA reductase. Its overexpression in E. coli
resulted in FAR activity and the accumulation of fatty alcohol
(Metz et al., Plant Physiology 122:635-644 (2000)).

Protein GenBank ID GI Number Organism

FAR AAD38039.1 5020215 Simmondsia chinensis

Another candidate for catalyzing this step is 3-hydroxy-3-
methylglutaryl-CoA reductase (or HMG-CoA reductase).
This enzyme reduces the CoA group in 3-hydroxy-3-methyl-
glutaryl-CoA to an alcohol forming mevalonate. Gene can-
didates for this step include:

Protein GenBank ID GI Number Organism

HMG1 CAARB6503.1 587536 Saccharomyces cerevisiae
HMG2 NP_013555 6323483 Saccharomyces cerevisiae
HMG1 CAA70691.1 1694976 Arabidopsis thaliana
hmgA AAC45370.1 2130564 Sulfolobus solfataricus

The hmgA gene of Sulfolobus solfataricus, encoding 3-hy-
droxy-3-methylglutaryl-CoA reductase, has been cloned,
sequenced, and expressed in . coli (Bochar etal., J Bacteriol.
179:3632-3638 (1997)). S. cerevisiae also has two HMG-
CoA reductases in it (Basson et al., Proc. Natl. Acad. Sci.
U.S.483:5563-5567 (1986)). The gene has also been isolated
from Arabidopsis thaliana and has been shown to comple-
ment the HMG-COA reductase activity in S. cerevisiae
(Learned et al., Proc. Natl. Acad. Sci. U.S.A 86:2779-2783
(1989)).
3-oxoglutaryl-CoA reductase (aldehyde forming) (FIG. 4,
Step K)

Several acyl-CoA dehydrogenases are capable of reducing
an acyl-CoA to its corresponding aldehyde. Thus they can
naturally reduce 3-oxoglutaryl-CoA to 3,5-dioxopentanoate
or can be engineered to do so. Exemplary genes that encode
such enzymes were discussed in FIG. 4, Step C.
3,5-dioxopentanoate reductase (ketone reducing) (FIG. 4,
Step L)

There exist several exemplary alcohol dehydrogenases that
convert a ketone to a hydroxyl functional group. Two such
enzymes from E. coli are encoded by malate dehydrogenase
(mdh) and lactate dehydrogenase (IdhA). In addition, lactate
dehydrogenase from Ralstonia eutropha has been shown to
demonstrate high activities on 2-ketoacids of various chain
lengths including lactate, 2-oxobutyrate, 2-oxopentanoate
and 2-oxoglutarate (Steinbuchel et al., Eur. J. Biochem. 130:
329-334 (1983)). Conversion of alpha-ketoadipate into
alpha-hydroxyadipate can be catalyzed by 2-ketoadipate
reductase, an enzyme reported to be found in rat and in human
placenta (Suda et al., Arch. Biochem. Biophys. 176:610-620
(1976); Suda et al., Biochem. Biophys. Res. Commun. 77:586-
591 (1977)). An additional candidate for this step is the mito-
chondrial 3-hydroxybutyrate dehydrogenase (bdh) from the
human heart which has been cloned and characterized (Marks
etal.,J. Biol. Chem. 267:15459-15463 (1992)). This enzyme
is a dehydrogenase that operates on a 3-hydroxyacid. Another
exemplary alcohol dehydrogenase converts acetone to iso-
propanol as was shown in C. beijerinckii (Ismaiel et al., J.
Bacteriol. 175:5097-5105 (1993)) and 7. brockii (Lamed et
al., Biochem. J 195:183-190 (1981); Peretz et al., Biochem-
istry. 28:6549-6555 (1989)). Methyl ethyl ketone reductase,
or alternatively, 2-butanol dehydrogenase, catalyzes the
reduction of MEK to form 2-butanol. Exemplary enzymes
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can be found in Rhodococcus ruber (Kosjek et al., Biotechnol
Bioeng. 86:55-62 (2004)) and Pyrococcus furiosus (vander et
al., Eur. J. Biochem. 268:3062-3068 (2001)).

Protein GenBank ID GI Number Organism

mdh AACT76268.1 1789632 Escherichia coli

IdhA NP__415898.1 16129341 Escherichia coli

Idh YP_725182.1 113866693 Ralstonia eutropha

bdh AAAS8352.1 177198 Homo sapiens

Protein GenBank ID GI Number  Organism

adh AAA23199.2 60592974 Clostridium beijerinckii
NRRL B393

adh P14941.1 113443 Thermoanaerobacter brockii
HTD4

adhA AAC25556 3288810 Pyrococcus furiosus

adh-A CAD36475 21615553 Rhodococcus ruber

A number of organisms can catalyze the reduction of 4-hy-
droxy-2-butanone to 1,3-butanediol, including those belong-
ing to the genus Bacillus, Brevibacterium, Candida, and
Klebsiella among others, as described by Matsuyama et al.
U.S. Pat. No. 5,413,922. A mutated Rhodococcus phenylac-
etaldehyde reductase (Sar268) and a Leifonia alcohol dehy-
drogenase have also been shown to catalyze this transforma-
tion at high yields (Itoh et al., Appl. Microbiol. Biotechnol.
75(6):1249-1256).

Homoserine dehydrogenase (EC 1.1.1.13) catalyzes the
NAD(P)H-dependent reduction of aspartate semialdehyde to
homoserine. In many organisms, including E. coli,
homoserine dehydrogenase is a bifunctional enzyme that also
catalyzes the ATP-dependent conversion of aspartate to
aspartyl-4-phosphate (Starnes et al., Biochemistry 11:677-
687 (1972)). The functional domains are catalytically inde-
pendent and connected by a linker region (Sibilli et al., J Bio/
Chem 256:10228-10230 (1981)) and both domains are sub-
ject to allosteric inhibition by threonine. The homoserine
dehydrogenase domain of the E. coli enzyme, encoded by
thrA, was separated from the aspartate kinase domain, char-
acterized, and found to exhibit high catalytic activity and
reduced inhibition by threonine (James et al., Biochemistry
41:3720-3725 (2002)). This can be applied to other bifunc-
tional threonine kinases including, for example, homl of
Lactobacillus plantarum (Cahyanto et al., Microbiology 152:
105-112 (2006)) and Arabidopsis thaliana. The monofunc-
tional homoserine dehydrogenases encoded by hom6 in S.
cerevisiae (Jacques et al., Biochim Biophys Acta 1544:28-41
(2001)) and hom?2 in Lactobacillus plantarum (Cahyanto et
al., supra, (2006)) have been functionally expressed and char-
acterized in E. coli.

Protein GenBank ID GI number  Organism

thrA AAC73113.1 1786183 Escherichia coli K12
akthr2 081852 75100442 Arabidopsis thaliana
hom6 CAAR9671 1015880 Saccharomyces cerevisiae
Protein GenBank ID GInumber  Organism

hom1 CAD64819 28271914 Lactobacillus plantarum
hom?2 CAD63186 28270285 Lactobacillus plantarum
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3,5-dioxopentanoate reductase (aldehyde reducing) (FIG. 4,
Step M)

Several aldehyde reducing reductases are capable of reduc-
ing an aldehyde to its corresponding alcohol. Thus they can
naturally reduce 3,5-dioxopentanoate to 5-hydroxy-3-oxo-
pentanoate or can be engineered to do so. Exemplary genes
that encode such enzymes were discussed in FIG. 4, Step D.
5-hydroxy-3-oxopentanoate reductase (FIG. 4, Step N)

Several ketone reducing reductases are capable of reducing
a ketone to its corresponding hydroxyl group. Thus they can
naturally reduce 5-hydroxy-3-oxopentanoate to 3,5-dihy-
droxypentanoate or can be engineered to do so. Exemplary
genes that encode such enzymes were discussed in FIG. 4,
Step L.
3-oxo-glutaryl-CoA reductase (CoA reducing and alcohol
forming) (FIG. 4, Step O)

3-oxo-glutaryl-CoA reductase (CoA reducing and alcohol
forming) enzymes catalyze the 2 reduction steps required to
form 5-hydroxy-3-oxopentanoate from 3-oxo-glutaryl-CoA.
Exemplary 2-step oxidoreductases that convert an acyl-CoA
to an alcohol were provided for FIG. 4, Step J. Such enzymes
can naturally convert 3-oxo-glutaryl-CoA to 5-hydroxy-3-
oxopentanoate or can be engineered to do so.

EXAMPLE 1II

Exemplary Hydrogenase and CO Dehydrogenase
Enzymes for Extracting Reducing Equivalents from
Syngas and Exemplary Reductive TCA Cycle
Enzymes

Enzymes of the reductive TCA cycle useful in the non-
naturally occurring microbial organisms of the present inven-
tion include one or more of ATP-citrate lyase and three CO,-
fixing enzymes: isocitrate dehydrogenase, alpha-
ketoglutarate:ferredoxin oxidoreductase, pyruvate:
ferredoxin oxidoreductase. The presence of ATP-citrate lyase
or citrate lyase and alpha-ketoglutarate:ferredoxin oxi-
doreductase indicates the presence of an active reductive
TCA cycle in an organism. Enzymes for each step of the
reductive TCA cycle are shown below.

ATP-citrate lyase (ACL, EC 2.3.3.8), also called ATP cit-
rate synthase, catalyzes the ATP-dependent cleavage of cit-
rate to oxaloacetate and acetyl-CoA. ACL is an enzyme of the
RTCA cycle that has been studied in green sulfur bacteria
Chlorobium limicola and Chlorobium tepidum. The alpha(4)
beta(4) heteromeric enzyme from Chlorobium limicola was
cloned and characterized in E. coli (Kanao et al., Eur J.
Biochem. 269:3409-3416 (2002). The C. limicola enzyme,
encoded by aclAB, is irreversible and activity of the enzyme
is regulated by the ratio of ADP/ATP. A recombinant ACL
from Chlorobium tepidum was also expressed in E. coli and
the holoenzyme was reconstituted in vitro, in a study eluci-
dating the role of the alpha and beta subunits in the catalytic
mechanism (Kim and Tabita, J. Bacteriol. 188:6544-6552
(2006). ACL enzymes have also been identified in Bal-
nearium lithotrophicum, Sulfurihydrogenibium subterra-
neum and other members of the bacterial phylum Aquificae
(Hugler et al., Environ. Microbiol. 9:81-92 (2007)). This aci-
tivy has been reported in some fungi as well. Exemplary
organisms include Sordaria macrospora (Nowrousian et al.,
Curr. Genet. 37:189-93 (2000), Aspergillus nidulans, Yar-
rowia lipolytica (Hynes and Murray, Eukaryotic Cell, July:
1039-1048, (2010) and Aspergillus niger (Meijer et al. J. Ind.
Microbiol. Biotechnol. 36:1275-1280 (2009). Other candi
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dates can be found based on sequence homology. Information
related to hese enzymes is tabulated below:

Protein GenBank ID GI Number Organism

aclA BAB21376.1 12407237 Chlorobium limicola

aclB BAB21375.1 12407235 Chlorobium limicola

aclA AAM72321.1 21647054 Chlorobium tepidum

aclB AAM72322.1 21647055 Chlorobium tepidum

aclA ABI50076.1 114054981 Balnearium lithotrophicum

aclB ABI50075.1 114054980 Balnearium lithotrophicum

aclA ABI50085.1 114055040 Sulfuribydrogenibium
subterraneum

aclB ABI50084.1 114055039 Sulfuribydrogenibium
subterraneum

aclA AAXT76834.1 62199504 Sulfurimonas denitrificans

aclB AAXT76835.1 62199506 Sulfurimonas denitrificans

acll XP_504787.1 50554757 Yarrowia lipolytica

Protein GenBank ID GI Number  Organism

acl2 XP_503231.1 50551515 Yarrowia lipolytica

SPBC1703.07 NP_596202.1 19112994 Schizosaccharomyces

pombe
SPAC22A12.16 NP__593246.1 19114158 Schizosaccharomyces
pombe

acll CAB76165.1 7160185 Sordaria macrospora

acl2 CAB76164.1 7160184 Sordaria macrospora

aclA CBF86850.1 259487849  Aspergillus nidulans

aclB CBF86848 259487848  Aspergillus nidulans

In some organisms the conversion of citrate to oxaloacetate
and acetyl-CoA proceeds through a citryl-CoA intermediate
and is catalyzed by two separate enzymes, citryl-CoA syn-
thetase (EC 6.2.1.18) and citryl-CoA lyase (EC 4.1.3.34)
(Aoshima, M., Appl. Microbiol. Biotechnol. 75:249-255
(2007). Citryl-CoA synthetase catalyzes the activation of cit-
rate to citryl-CoA. The Hydrogenobacter thermophilus
enzyme is composed of large and small subunits encoded by
ccsA and cesB, respectively (Aoshima et al., Mol. Micrbiol.
52:751-761 (2004)). The citryl-CoA synthetase of Aquifex
aeolicus is composed of alpha and beta subunits encoded by
sucC1 and sucDl (Hugler et al., Environ. Microbiol. 9:81-92
(2007)). Citryl-CoA lyase splits citryl-CoA into oxaloacetate
and acetyl-CoA. This enzyme is a homotrimer encoded by ccl
in Hydrogenobacter thermophilus (Aoshima et al., Mol
Microbiol. 52:763-770 (2004)) and aq_ 150 in Aquifex aeoli-
cus (Hugler et al., supra (2007)). The genes for this mecha-
nism of converting citrate to oxaloacetate and citryl-CoA
have also been reported recently in Chlorobium tepidum
(Eisen et al., PNAS 99(14): 9509-14 (2002).

Protein GenBank ID GI Number  Organism

ccsA BAD17844.1 46849514 Hydrogenobacter thermophilus
ccsB BAD17846.1 46849517 Hydrogenobacter thermophilus
sucCl  AACO07285 2983723 Agquifex aeolicus

sucD1  AACO07686 2984152 Agquifex aeolicus

cel BAD17841.1 46849510 Hydrogenobacter thermophilus
aq_150 AAC06486 2982866 Agquifex aeolicus

CT0380 NP_661284 21673219 Chlorobium tepidum

CT0269 NP_661173.1 21673108 Chlorobium tepidum

Protein GenBank ID GI Number Organism

CT1834 AAM73055.1 21647851 Chlorobium tepidum
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Ozxaloacetate is converted into malate by malate dehydro-
genase (EC 1.1.1.37), an enzyme which functions in both the
forward and reverse direction. S. cerevisiae possesses three
copies of malate dehydrogenase, MDHI1 (McAlister-Henn
and Thompson, J. Bacteriol. 169:5157-5166 (1987), MDH2
(Minard and McAlister-Henn, Mol. Cell. Biol. 11:370-380
(1991); Gibson and McAlister-Henn, J. Biol. Chem. 278:
25628-25636 (2003)), and MDH3 (Steffan and McAlister-
Henn, J. Biol. Chem. 267:24708-24715 (1992)), which local-
ize to the mitochondrion, cytosol, and peroxisome,
respectively. E. coli is known to have an active malate dehy-
drogenase encoded by mdh.

10
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FRDS2 (Muratsubaki et al., Arch. Biochem. Biophys. 352:
175-181 (1998)), which localize to the cytosol and promito-
chondrion, respectively, and are used during anaerobic
growth on glucose (Arikawa et al., FEMS Microbiol. Lett.
165:111-116 (1998)).

Protein GenBank ID GI Number Organism

FRDS1 P32614 418423 Saccharomyces cerevisiae
FRDS2 NP_012585 6322511 Saccharomyces cerevisiae
frdA NP_418578.1 16131979 Escherichia coli

frdB NP_418577.1 16131978 Escherichia coli

frdC NP_418576.1 16131977 Escherichia coli

frdD NP_418475.1 16131877 Escherichia coli

Protein GenBank ID GI Number Organism

MDH1 NP__ 012838 6322765 Saccharomyces cerevisiae
MDH?2 NP_014515 116006499 Saccharomyces cerevisiae
MDH3 NP_010205 6320125 Saccharomyces cerevisiae
Mdh NP_417703.1 16131126 Escherichia coli

Fumarate hydratase (EC 4.2.1.2) catalyzes the reversible
hydration of fumarate to malate. The three fumarases of E.
coli, encoded by fumA, fumB and fumC, are regulated under
different conditions of oxygen availability. FumB is oxygen
sensitive and is active under anaerobic conditions. FumA is
active under microanaerobic conditions, and FumC is active
under aerobic growth conditions (Tseng et al., J. Bacteriol.
183:461-467 (2001); Woods et al., Biochim. Biophys. Acta
954:14-26 (1988); Guest et al., J. Gen. Microbiol. 131:2971-
2084 (1985)). S. cerevisiae contains one copy of a fumarase-
encoding gene, FUM1, whose product localizes to both the
cytosol and mitochondrion (Sass et al., J. Biol. Chem. 278:
45109-45116 (2003)). Additional fumarase enzymes are
found in Campylobacter jejuni (Smith et al., Int. J. Biochem.
Cell. Biol. 31:961-975 (1999)), Thermus thermophilus (Mi-
zobata etal., Arch. Biochem. Biophys. 355:49-55 (1998)) and
Rattus norvegicus (Kobayashi et al., J. Biochem. 89:1923-
1931 (1981)). Similar enzymes with high sequence homol-
ogy includefuml from Arabidopsis thaliana and fumC from
Corynebacterium glutamicum. The MmcBC fumarase from
Pelotomaculum thermopropionicum is another class of fuma-
rase with two subunits (Shimoyama et al., FEMS Microbiol.
Lett. 270:207-213 (2007)).

Protein  GenBank ID GI Number  Organism

fumA  NP_416129.1 16129570 Escherichia coli

fumB ~ NP_418546.1 16131948 Escherichia coli

fumC  NP_416128.1 16129569 Escherichia coli

FUM1 NP_015061 6324993 Saccharomyces cerevisiae

fumC Q8NRNR&.1 39931596 Corynebacterium glutamicum

fumC 069294.1 9789756 Campylobacter jejuni

fumC P84127 75427690 Thermus thermophilus

fumH P14408.1 120605 Rattus norvegicus

MmcB  YP_001211906 147677691  Pelotomaculum
thermopropionicum

MmcC YP_001211907 147677692  Pelotomaculum

thermopropionicum

Fumarate reductase catalyzes the reduction of fumarate to
succinate. The fumarate reductase of E. coli, composed of
four subunits encoded by frd ABCD, is membrane-bound and
active under anaerobic conditions. The electron donor for this
reaction is menaquinone and the two protons produced in this
reaction do not contribute to the proton gradient (Iverson et
al., Science 284:1961-1966 (1999)). The yeast genome
encodes two soluble fumarate reductase isozymes encoded
by FRDS1 (Enomoto et al., DNA Res. 3:263-267 (1996)) and
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The ATP-dependent acylation of succinate to succinyl-
CoA is catalyzed by succinyl-CoA synthetase (EC 6.2.1.5).
The product of the LSC1 and LSC2 genes of S. cerevisiae and
the sucC and sucD genes of E. co/i naturally form a succinyl-
CoA synthetase complex that catalyzes the formation of suc-
cinyl-CoA from succinate with the concomitant consumption
of'one ATP, a reaction which is reversible in vivo (Buck et al.,
Biochemistry 24:6245-6252 (1985)). These proteins are iden-
tified below:

Protein GenBank ID GI Number Organism

LSC1 NP_014785 6324716 Saccharomyces cerevisiae
LSC2 NP_ 011760 6321683 Saccharomyces cerevisiae
sucC NP_415256.1 16128703 Escherichia coli

sucD AAC73823.1 1786949 Escherichia coli

Alpha-ketoglutarate:ferredoxin ~ oxidoreductase  (EC
1.2.7.3), also known as 2-oxoglutarate synthase or 2-oxoglu-
tarate:ferredoxin oxidoreductase (OFOR), forms alpha-keto-
glutarate from CO2 and succinyl-CoA with concurrent con-
sumption of two reduced ferredoxin equivalents. OFOR and
pyruvate:ferredoxin oxidoreductase (PFOR) are members of
a diverse family of 2-oxoacid:ferredoxin (flavodoxin) oxi-
doreductases which utilize thiamine pyrophosphate, CoA and
iron-sulfur clusters as cofactors and ferredoxin, flavodoxin
and FAD as electron carriers (Adams et al., Archaea. Adv.
Protein Chem. 48:101-180 (1996)). Enzymes in this class are
reversible and function in the carboxylation direction in
organisms that fix carbon by the RTCA cycle such as Hydro-
genobacter thermophilus, Desulfobacter hydrogenophilus
and Chlorobium species (Shiba et al. 1985; Evans et al., Proc.
Natl. Acad. Scl. U.S.A. 55:92934 (1966); Buchanan, 1971).
The two-subunit enzyme from H. thermophilus, encoded by
korAB, has been cloned and expressed in E. coli (Yun et al.,
Biochem. Biophys. Res. Commun. 282:589-594 (2001)). A
five subunit OFOR from the same organism with strict sub-
strate specificity for succinyl-CoA, encoded byforDABGE,
was recently identified and expressed in E. coli (Yun et al.
2002). The kinetics of CO2 fixation of both H. thermophilus
OFOR enzymes have been characterized (Yamamoto et al.,
Extremophiles 14:79-85 (2010)). A CO2-fixing OFOR from
Chlorobium thiosulfatophilum has been purified and charac-
terized but the genes encoding this enzyme have not been
identified to date. Enzyme candidates in Chlorobium species
can be inferred by sequence similarity to the H. thermophilus
genes. For example, the Chlorobium limicola genome
encodes two similar proteins. Acetogenic bacteria such as
Moorella thermoacetica are predicted to encode two OFOR
enzymes. The enzyme encoded by Moth_ 0034 is predicted
to function in the CO2-assimilating direction. The genes
associated with this enzyme, Moth_ 0034 have not been
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experimentally validated to date but can be inferred by
sequence similarity to known OFOR enzymes.

OFOR enzymes that function in the decarboxylation direc-
tion under physiological conditions can also catalyze the
reverse reaction. The OFOR from the thermoacidophilic
archaeon Sulfolobus sp. strain 7, encoded by ST2300, has
been extensively studied (Zhang et al. 1996. A plasmid-based
expression system has been developed for efficiently express-
ing this protein in E. coli (Fukuda et al., Eur. J. Biochem.
268:5639-5646 (2001)) and residues involved in substrate
specificity were determined (Fukuda and Wakagi, Biochim.
Biophys. Acta 1597:74-80 (2002)). The OFOR encoded by
Apeld72/Apeld73 from Aeropyrum pernix str. K1 was
recently cloned into E. coli, characterized, and found to react
with 2-oxoglutarate and a broad range of 2-oxoacids (Nish-
izawa et al., FEBS Lett. 579:2319-2322 (2005)). Another
exemplary OFOR is encoded by 0orDABC in Helicobacter
pylori (Hughes et al. 1998). An enzyme specific to alpha-
ketoglutarate has been reported in Thauera aromatics (Dor-
ner and Boll, J, Bacteriol. 184 (14),3975-83 (2002). A similar
enzyme can be found in Rhodospirillum rubrum by sequence
homology. A two subunit enzyme has also been identified in
Chlorobium tepidum (Eisen et al., PNAS 99(14): 9509-14
(2002)).

Protein GenBank ID GI Number  Organism
korA BAB21494 12583691 Hydrogenobacter
thermophilus
korB BAB21495 12583692 Hydrogenobacter
thermophilus
forD BAB62132.1 14970994 Hydrogenobacter
thermophilus
forA BAB62133.1 14970995 Hydrogenobacter
thermophilus
forB BAB62134.1 14970996 Hydrogenobacter
thermophilus
forG BAB62135.1 14970997 Hydrogenobacter
thermophilus
forE BAB62136.1 14970998 Hydrogenobacter
thermophilus
Clim__0204 ACD89303.1 189339900  Chlorobium limicola
Clim__0205 ACD89302.1 189339899 Chlorobium limicola
Clim_ 1123 ACD90192.1 189340789  Chlorobium limicola
Clim _1124 ACD90193.1 189340790  Chlorobium limicola
Moth__1984 YP_430825.1 83590816 Moorella thermoacetica
Moth__1985 YP_430826.1 83590817 Moorella thermoacetica
Moth_ 0034 YP_428917.1 83588908 Moorella thermoacetica
ST2300 NP_378302.1 15922633 Sulfolobus sp. strain 7
Apeld72 BAAB0470.1 5105156 Aeropyrum pernix
Apeld73 BAAR0471.2 116062794  Aeropyrum pernix
oorD NP_207383.1 15645213 Helicobacter pylori
00rA NP_207384.1 15645214 Helicobacter pylori
oorB NP_207385.1 15645215 Helicobacter pylori
oorC NP_207386.1 15645216 Helicobacter pylori
CT0163 NP_661069.1 21673004 Chlorobium tepidum
CT0162 NP_661068.1 21673003 Chlorobium tepidum
korA CAA12243.2 19571179 Thauera aromatica
korB CAD27440.1 19571178 Thauera aromatica
Rmu_A2721 YP_427805.1 83594053 Rhodospirillum rubrum
Rru__A2722 YP_427806.1 83594054 Rhodospirillum rubrum

Isocitrate dehydrogenase catalyzes the reversible decar-
boxylation of isocitrate to 2-oxoglutarate coupled to the
reduction of NAD(P)*. IDH enzymes in Saccharomyces cer-
evisiae and Escherichia coli are encoded by IDP1 and icd,
respectively (Haselbeck and McAlister-Henn, J. Biol. Chem.
266:2339-2345 (1991); Nimmo, H. G., Biochem. J. 234:317-
2332 (1986)). The reverse reaction in the reductive TCA
cycle, the reductive carboxylation of 2-oxoglutarate to isoci-
trate, is favored by the NADPH-dependent CO,-fixing IDH
from Chlorobium limicola and was functionally expressed in
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E. coli(Kanaoetal., Fur. J. Biochem. 269:1926-1931 (2002)).
A similar enzyme with 95% sequence identity is found in the
C. tepidum genome in addititon to some other candidates
listed below.

Protein GenBank ID GI Number Organism

Ted ACI84720.1 209772816 Escherichia coli

IDP1 AAA34703.1 171749 Saccharomyces cerevisiae
Idh BAC00856.1 21396513 Chlorobium limicola
Protein GenBank ID GI Number Organism

Ted AAM71597.1 21646271 Chlorobium tepidum

icd NP_0952516.1 39996565 Geobacter sulfurreducens
icd YP_393560. 78777245 Sulfurimonas denitrificans

In H. thermophilus the reductive carboxylation of 2-0xo-
glutarate to isocitrate is catalyzed by two enzymes: 2-oxoglu-
tarate carboxylase and oxalosuccinate reductase. 2-Oxoglut-
arate carboxylase (EC 6.4.1.7) catalyzes the ATP-dependent
carboxylation of alpha-ketoglutarate to oxalosuccinate
(Aoshima and Igarashi, Mol. Microbiol. 62:748-759 (2006)).
This enzyme is a large complex composed of two subunits.
Biotinylation of the large (A) subunit is required for enzyme
function (Aoshima et al, Mol Microbiol. 51:791-798
(2004)). Oxalosuccinate reductase (EC 1.1.1.-) catalyzes the
NAD-dependent conversion of oxalosuccinate to D-threo-
isocitrate. The enzyme is a homodimer encoded by icd in H.
thermophilus. The kinetic parameters of this enzyme indicate
that the enzyme only operates in the reductive carboxylation
direction in vivo, in contrast to isocitrate dehydrogenase
enzymes in other organisms (Aoshima and Igarashi, J. Bac-
teriol. 190:2050-2055 (2008)). Based on sequence homol-
ogy, gene candidates have also been found in Thiobacillus
denitrificans and Thermocrinis albus.

Protein GenBank ID GI Number  Organism

cfiA BAF34932.1 116234991  Hydrogenobacter
thermophilus

cifB BAF34931.1 116234990  Hydrogenobacter
thermophilus

Ted BAD02487.1 38602676 Hydrogenobacter
thermophilus

Tbd_1556  YP_315314 74317574 Thiobacillus denitrificans

Tbd__ 1555 YP_ 315313 74317573 Thiobacillus denitrificans

Tbd_0854  YP_ 314612 74316872 Thiobacillus denitrificans

Thal_0268  YP_003473030 289548042  Thermocrinis albus

Thal_0267 YP_003473029 289548041  Thermocrinis albus

Thal 0646 YP__ 003473406 289548418 Thermocrinis albus

Aconitase (EC 4.2.1.3) is an iron-sulfur-containing protein
catalyzing the reversible isomerization of citrate and iso-
citrate via the intermediate cis-aconitate. Two aconitase
enzymes are encoded in the F. coli genome by acnA and
acnB. AcnB is the main catabolic enzyme, while AcnA is
more stable and appears to be active under conditions of
oxidative or acid stress (Cunningham et al., Microbiology 143
(Pt 12):3795-3805 (1997)). Two isozymes of aconitase in
Salmonella typhimurium are encoded by acnA and acnB
(Horswill and Escalante-Semerena, Biochemistry 40:4703-
4713 (2001)). The S. cerevisiae aconitase, encoded by ACO1,
is localized to the mitochondria where it participates in the
TCA cycle (Gangloff et al., Mol. Cell. Biol. 10:3551-3561
(1990)) and the cytosol where it participates in the glyoxylate
shunt (Regev-Rudzki et al., Mol. Biol. Cell. 16:4163-4171
(2005)).
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Protein GenBank ID GI Number  Organism
acnA AACT7438.1 1787531 Escherichia coli
acnB AAC73229.1 2367097 Escherichia coli
HP0779 NP_207572.1 15645398 Helicobacter pylori 26695
H16_B0568 CAJ95365.1 113529018  Ralstonia eutropha
DesfrDRAFT__3783 ZP_07335307.1 303249064  Desulfovibrio fructosovorans 11
Suden__1040 (acnB) ABB44318.1 78497778 Sulfurimonas denitrificans
Hydth_ 0755 ADO45152.1 308751669  Hydrogenobacter thermophilus
CT0543 (acn) AAM71785.1 21646475 Chlorobium tepidum
Clim__2436 YP_001944436.1 189347907  Chlorobium limicola
Clim_0515 ACD89607.1 189340204  Chlorobium limicola
acnA NP_460671.1 16765056 Salmonella typhimurium
acnB NP_459163.1 16763548 Salmonella typhimurium
ACO1 AAA34389.1 170982 Saccharomyces cerevisiae

Pyruvate:ferredoxin oxidoreductase (PFOR) catalyzes the
reversible oxidation of pyruvate to form acetyl-CoA. The
PFOR from Desulfovibrio africanus has been cloned and
expressed in E. coli resulting in an active recombinant
enzyme that was stable for several days in the presence of
oxygen (Pieulle et al., J. Bacteriol. 179:5684-5692 (1997)).
Oxygen stability is relatively uncommon in PFORs and is
believed to be conferred by a 60 residue extension in the
polypeptide chain of the D. africanus enzyme. Two cysteine
residues in this enzyme form a disulfide bond that prtotects it
against inactivation in the form of oxygen. This disulfide
bond and the stability in the presence of oxygen has been
found in other Desulfovibrio species also (Vita et al., Bio-
chemistry, 47: 957-64 (2008)). The M. thermoacetica PFOR
is also well characterized (Menon and Ragsdale, Biochemis-
try 36:8484-8494 (1997)) and was shown to have high activ-
ity in the direction of pyruvate synthesis during autotrophic
growth (Furdui and Ragsdale, J. Biol. Chem. 275:28494-
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chimica et Biophysica Acta 1409 (1998) 39-49 (1998)) and
Choloboum tepidum (Eisen et al., PNAS 99(14): 9509-14
(2002)). The five subunit PFOR from H. thermophilus,
encoded by porEDABG, was cloned into E. co/i and shown to
function in both the decarboxylating and CO,-assimilating
directions (Ikeda et al. 2006; Yamamoto et al., Extremophiles
14:79-85 (2010)). Homologs also exist in C. carboxidivorans
P7. Several additional PFOR enzymes are described in the
following review (Ragsdale, S. W., Chem. Rev. 103:2333-
2346 (2003)). Finally, flavodoxin reductases (e.g., fqrB from
Helicobacter pylori or Campylobacter jejuni) (St Maurice et
al., J. Bacteriol. 189:4764-4773 (2007)) or Rnf-type proteins
(Seedorf et al., Proc. Natl. Acad. Sci. U.S.A4. 105:2128-2133
(2008); and Herrmann, J. Bacteriol 190:784-791 (2008)) pro-
vide a means to generate NADH or NADPH from the reduced
ferredoxin generated by PFOR. These proteins are identified
below.

Protein GenBank ID GI Number  Organism

DesfrDRAFT_ 0121 ZP_07331646.1 303245362  Desulfovibrio fructosovorans JI

Por CAA70873.1 1770208 Desulfovibrio africanus

por YP_012236.1 46581428 Desulfovibrio vulgaris str.
Hildenborough

Dde_ 3237 ABB40031.1 78220682 DesulfoVibrio desulfuricans
G20

Ddes_ 0298 YP_002478891.1 220903579  Desulfovibrio desulfuricans
subsp. desulfuricans str. ATCC 27774

Por YP_428946.1 83588937 Moorella thermoacetica

YdbK NP_415896.1 16129339 Escherichia coli

nifl (CT1628) NP_662511.1 21674446 Chlorobium tepidum

CJE1649 YP_179630.1 57238499 Campylobacter jejuni

nifl ADER85473.1 294476085  Rhodobacter capsulatus

porE BAA95603.1 7768912 Hydrogenobacter thermophilus

porD BAA95604.1 7768913 Hydrogenobacter thermophilus

porA BAA95605.1 7768914 Hydrogenobacter thermophilus

porB BAA95606.1 776891 Hydrogenobacter thermophilus

porG BAA95607.1 7768916 Hydrogenobacter thermophilus

FqrB YP_001482096.1 157414840  Campylobacter jejuni

HP1164 NP_207955.1 15645778 Helicobacter pylori

RnfC EDK33306.1 146346770  Clostridium kluyveri

RnfD EDK33307.1 146346771 Clostridium kluyveri

RnfG EDK33308.1 146346772 Clostridium kluyveri

RnfE EDK33309.1 146346773 Clostridium kluyveri

RnfA EDK33310.1 146346774  Clostridium kluyveri

RnfB EDK33311.1 146346775  Clostridium kluyveri

28499 (2000)). Further, E. coli possesses an uncharacterized
open reading frame, ydbK, encoding a protein that is 51%
identical to the M. thermoacetica PFOR. Evidence for pyru-
vate oxidoreductase activity in E. coli has been described
(Blaschkowski et al., Eur J. Biochem. 123:563-569 (1982)).
PFORs have also been described in other organisms, includ-
ing Rhodobacter capsulatas (Yakunin and Hallenbeck, Bio-
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The conversion of pyruvate into acetyl-CoA can be cata-
lyzed by several other enzymes or their combinations thereof.
For example, pyruvate dehydrogenase can transform pyru-
vate into acetyl-CoA with the concomitant reduction of a
molecule of NAD into NADH. It is a multi-enzyme complex
that catalyzes a series of partial reactions which results in
acylating oxidative decarboxylation of pyruvate. The enzyme
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comprises of three subunits: the pyruvate decarboxylase (E1),
dihydrolipoamide acyltransferase (E2) and dihydrolipoam-
ide dehydrogenase (E3). This enzyme is naturally present in
several organisms, including F. coli and S. cerevisiae. In the
E. coli enzyme, specific residues in the E1 component are
responsible for substrate specificity (Bisswanger, H., J. Biol.
Chem. 256:815-82 (1981); Bremer, J., Eur. J. Biochem.
8:535-540 (1969); Gong et al., J. Biol. Chem. 275:13645-
13653 (2000)). Enzyme engineering efforts have improved
the E. coli PDH enzyme activity under anaerobic conditions
(Kim et al., J. Bacteriol. 190:3851-3858 (2008); Kim et al.,
Appl. Environ. Microbiol. 73:1766-1771 (2007); Zhou et al.,
Biotechnol. Lett. 30:335-342 (2008)). In contrast to the F.
coli PDH, the B. subtilis complex is active and required for
growth under anaerobic conditions (Nakano et al., J. Bacte-
riol. 179:6749-6755 (1997)). The Klebsiella pneumoniae
PDH, characterized during growth on glycerol, is also active
under anaerobic conditions (5). Crystal structures of the
enzyme complex from bovine kidney (18) and the E2 cata-
Iytic domain from Azotobacter vinelandii are available (4).
Yet another enzyme that can catalyze this conversion is pyru-
vate formate lyase. This enzyme catalyzes the conversion of
pyruvate and CoA into acetyl-CoA and formate. Pyruvate
formate lyase is a common enzyme in prokaryotic organisms
that is used to help modulate anaerobic redox balance. Exem-
plary enzymes can be found in Escherichia coli encoded by
pflB (Knappe and Sawers, FEMS. Microbiol Rev. 6:383-398
(1990)), Lactococcus lactis (Melchiorsen et al., Appl Micro-
biol Biotechnol 58:338-344 (2002)), and Streptococcus
mutans (Takahashi-Abbe et al., Oral. Microbiol Immunol.
18:293-297 (2003)). E. coli possesses an additional pyruvate
formate lyase, encoded by tdcE, that catalyzes the conversion
of pyruvate or 2-oxobutanoate to acetyl-CoA or propionyl-
CoA, respectively (Hesslinger et al., Mol. Microbiol 27:477-
492 (1998)). Both pflB and tdcE from E. coli require the
presence of pyruvate formate lyase activating enzyme,
encoded by pflA. Further, a short protein encoded by yfiD in
E. coli can associate with and restore activity to oxygen-
cleaved pyruvate formate lyase (Vey et al., Proc. Natl. Acad.
Sci. U.S.A.105:16137-16141 (2008). Note that pflA and pfiB
from E. coli were expressed in S. cerevisiae as a means to
increase cytosolic acetyl-CoA for butanol production as
described in W0O/2008/080124]. Additional pyruvate formate
lyase and activating enzyme candidates, encoded by pfl and
act, respectively, are found in Clostridium pasteurianum
(Weidner et al., J Bacteriol. 178:2440-2444 (1996)).
Further, different enzymes can be used in combination to
convert pyruvate into acetyl-CoA. For example, in S. cerevi-
siae, acetyl-CoA is obtained in the cytosol by first decarboxy-
lating pyruvate to form acetaldehyde; the latter is oxidized to
acetate by acetaldehyde dehydrogenase and subsequently
activated to form acetyl-CoA by acetyl-CoA synthetase.
Acetyl-CoA synthetase is a native enzyme in several other
organisms including %. coli (Kumari et al., J. Bacteriol. 177:
2878-2886 (1995)), Salmonella enterica (Starai et al., Micro-
biology 151:3793-3801 (2005); Starai et al., J. Biol. Chem.
280:26200-26205 (2005)), and Moorella thermoacetica (de-
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scribed already). Alternatively, acetate can be activated to
form acetyl-CoA by acetate kinase and phosphotransacety-
lase. Acetate kinase first converts acetate into acetyl-phos-
phate with the accompanying use of an ATP molecule.
Acetyl-phosphate and CoA are next converted into acetyl-
CoA with the release of one phosphate by phosphotransacety-
lase. Both acetate kinase and phosphotransacetylyase are
well-studied enzymes in several Clostridia and Methanosa-
rcina thermophile.

Yet another way of converting pyruvate to acetyl-CoA is
viapyruvate oxidase. Pyruvate oxidase converts pyruvate into
acetate, using ubiquione as the electron acceptor. In E. coli,
this activity is encoded by poxB. PoxB has similarity to
pyruvate decarboxylase of S. cerevisiae and Zymomonas
mobilis. The enzyme has a thiamin pyrophosphate cofactor
(Koland and Gennis, Biochemistry 21:4438-4442 (1982));
O’Brien et al., Biochemistry 16:3105-3109 (1977); O’Brien
and Gennis, J. Biol. Chem. 255:3302-3307 (1980)) and a
flavin adenine dinucleotide (FAD) cofactor. Acetate can then
be converted into acetyl-CoA by either acetyl-CoA syn-
thetase or by acetate kinase and phosphotransacetylase, as
described earlier. Some of these enzymes can also catalyze
the reverse reaction from acetyl-CoA to pyruvate.

For enzymes that use reducing equivalents in the form of
NADH or NADPH, these reduced carriers can be generated
by transferring electrons from reduced ferredoxin. Two
enzymes catalyze the reversible transfer of electrons from
reduced ferredoxins to NAD(P)*, ferredoxin:NAD" oxi-
doreductase (EC 1.18.1.3) and ferredoxin:NADP* oxi-
doreductase (FNR, EC 1.18.1.2). Ferredoxin:NADP* oxi-
doreductase (FNR, EC 1.18.1.2) has a noncovalently bound
FAD cofactor that facilitates the reversible transfer of elec-
trons from NADPH to low-potential acceptors such as ferre-
doxins or flavodoxins (Blaschkowski et al., Eur. J. Biochem.
123:563-569 (1982); Fujii et al., 1977). The Helicobacter
pylori FNR, encoded by HP1164 (fqrB), is coupled to the
activity of pyruvate:ferredoxin oxidoreductase (PFOR)
resulting in the pyruvate-dependent production of NADPH
(St et al. 2007). An analogous enzyme is found in Campylo-
bacter jejuni (St et al. 2007). A ferredoxin:NADP* oxi-
doreductase enzyme is encoded in the E. coli genome by fpr
(Bianchi et al. 1993). Ferredoxin:NAD™" oxidoreductase uti-
lizes reduced ferredoxin to generate NADH from NAD™. In
several organisms, including E. coli, this enzyme is a compo-
nent of multifunctional dioxygenase enzyme complexes. The
ferredoxin:NAD™" oxidoreductase of E. coli, encoded by
hcaD, is a component of the 3-phenylproppionate dioxyge-
nase system involved in involved in aromatic acid utilization
(Diaz et al. 1998). NADH:ferredoxin reductase activity was
detected in cell extracts of Hydrogenobacter thermophilus
strain TK-6, although a gene with this activity has not yet
been indicated (Yoon et al. 2006). Finally, the energy-con-
serving membrane-associated Rnf-type proteins (Seedorf et
al., Proc. Natl. Acad. Sci. U.S.A. 105:2128-2133 (2008);
Herrmann et al., J. Bacteriol. 190:784-791 (2008)) provide a
means to generate NADH or NADPH from reduced ferre-
doxin. Additional ferredoxin:NAD(P)+ oxidoreductases have
been annotated in Clostridium carboxydivorans P7.

Protein GenBank ID GI Number  Organism

HP1164 NP_207955.1 15645778 Helicobacter pylori

RPA3954 CAE29395.1 39650872 Rhodopseudomonas palustris
fpr BAH29712.1 225320633  Hydrogenobacter thermophilus
yumC NP_391091.2 255767736 Bacillus subtilis

CJE0663 AAW35824.1 57167045 Campylobacter jejuni

fpr P28861.4 399486 Escherichia coli
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-continued

Protein GenBank ID GI Number  Organism
hecaD AACT5595.1 1788892 Escherichia coli
LOC100282643 NP_001149023.1 226497434  Zea mays
RufC EDK33306.1 146346770 Clostridium kluyveri
RuafD EDK33307.1 146346771 Clostridium kluyveri
RuofG EDK33308.1 146346772 Clostridium kluyveri
RufE EDK33309.1 146346773 Clostridium kluyveri
RuofA EDK33310.1 146346774 Clostridium kluyveri
RufB EDK33311.1 146346775  Clostridium kluyveri
CcarbDRAFT_ 2639  ZP_05392639.1 255525707 Clostridium carboxidivorans P7
CcarbDRAFT_ 2638  ZP_05392638.1 255525706  Clostridium carboxidivorans P7
CcarbDRAFT_ 2636  ZP_05392636.1 255525704  Clostridium carboxidivorans P7
CcarbDRAFT_5060  ZP_05395060.1 255528241  Clostridium carboxidivorans P7
CcarbDRAFT_ 2450  ZP_ 05392450.1 255525514 Clostridium carboxidivorans P7
CcarbDRAFT__ 1084  ZP_05391084.1 255524124  Clostridium carboxidivorans P7
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Ferredoxins are small acidic proteins containing one or
more iron-sulfur clusters that function as intracellular elec-
tron carriers with a low reduction potential. Reduced ferre-
doxins donate electrons to Fe-dependent enzymes such as
ferredoxin-NADP* oxidoreductase, pyruvate:ferredoxin oxi-
doreductase (PFOR) and 2-oxoglutarate:ferredoxin oxi-
doreductase (OFOR). The H. thermophilus gene fdx1
encodes a [4Fe-4S]-type ferredoxin that is required for the
reversible carboxylation of 2-oxoglutarate and pyruvate by
OFOR and PFOR, respectively (Yamamoto et al., Extremo-
philes 14:79-85 (2010)). The ferredoxin associated with the
Sulfolobus solfataricus 2-oxoacid:ferredoxin reductase is a
monomeric dicluster [3Fe-4S][4Fe-4S] type ferredoxin (Park
et al. 2006). While the gene associated with this protein has
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not been fully sequenced, the N-terminal domain shares 93%
homology with the zfx ferredoxin from S. acidocaldarius.
The E. coli genome encodes a soluble ferredoxin of unknown
physiological function, fdx. Some evidence indicates that this
protein can function in iron-sulfur cluster assembly (Taka-
hashi and Nakamura, 1999). Additional ferredoxin proteins
have been characterized in Helicobacter pylori (Mukho-
padhyay et al. 2003) and Campylobacter jejuni (van Vliet et
al. 2001). A 2Fe-2S ferredoxin from Clostridium pasteur-
ianum has been cloned and expressed in E. coli (Fujinaga and
Meyer, Biochemical and Biophysical Research Communica-
tions, 192(3): (1993)). Acetogenic bacteria such as Moorella
thermoacetica, Clostridium carboxidivorans P7 and Rho-
dospirillum rubrum are predicted to encode several ferredox-
ins, listed in the table below.

Protein GenBank ID GI Number  Organism

fdx1 BAFE02673.1 68163284 Hydrogenobacter thermophilus

M11214.1 AAAB3524.1 144806 Clostridium pasteurianum

Zfx AAY79867.1 68566938 Sulfolobus acidocalarius

Fdx AACT5578.1 1788874 Escherichia coli

hp_ 0277 AADO07340.1 2313367 Helicobacter pylori

fdxA CAL34484.1 112359698  Campylobacter jejuni

Moth_ 0061 ABC18400.1 83571848 Moorella thermoacetica

Moth_ 1200 ABC19514.1 83572962 Moorella thermoacetica

Moth_ 1888 ABC20188.1 83573636 Moorella thermoacetica

Moth_ 2112 ABC20404.1 83573852 Moorella thermoacetica

Moth_ 1037 ABC19351.1 83572799 Moorella thermoacetica

CcarbDRAFT_ 4383 ZP_05394383.1 255527515 Clostridium carboxidivorans P7

CcarbDRAFT_ 2958  ZP_05392958.1 255526034  Clostridium carboxidivorans P7

CcarbDRAFT_ 2281  ZP_05392281.1 255525342  Clostridium carboxidivorans P7

CcarbDRAFT_ 5296 ZP_05395295.1 255528511 Clostridium carboxidivorans P7

CcarbDRAFT__ 1615  ZP_05391615.1 255524662  Clostridium carboxidivorans P7

CcarbDRAFT__ 1304  ZP_05391304.1 255524347  Clostridium carboxidivorans P7

cooF AAG29808.1 11095245 Carboxydothermus
hydrogenoformans

fdxN CAA35699.1 46143 Rhodobacter capsulatus

Rru_A2264 ABC23064.1 83576513 Rhodospirillum rubrum

Rru__A1916 ABC22716.1 83576165 Rhodospirillum rubrum

Rru_ A2026 ABC22826.1 83576275 Rhodospirillum rubrum

cooF AACA5122.1 1498747 Rhodospirillum rubrum

fdxN AAA26460.1 152605 Rhodospirillum rubrum

Alvin_ 2884 ADC63789.1 288897953  Allochromatium vinosum DSM 180

fdx YP_002801146.1 226946073  Azotobacter vinelandii DI

CKL_3790 YP_001397146.1 153956381  Clostridium kiuyveri DSM 555

ferl NP__949965.1 39937689 Rhodopseudomonas palustris
CGA009

fdx CAA12251.1 3724172 Thauera aromatica

CHY_ 2405 YP_361202.1 78044690 Carboxydothermus
hydrogenoformans

fer YP_359966.1 78045103 Carboxydothermus
hydrogenoformans

fer AACB3945.1 1146198 Bacillus subtilis

fdx1 NP_ 249053.1 15595559 Pseudomonas aeruginosa PAO1

yihL AP_003148.1 89109368 Escherichia coli K-12
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Succinyl-CoA transferase catalyzes the conversion of suc-
cinyl-CoA to succinate while transferring the CoA moiety to
a CoA acceptor molecule. Many transferases have broad
specificity and can utilize CoA acceptors as diverse as acetate,
succinate, propionate, butyrate, 2-methylacetoacetate, 3-ke-
tohexanoate, 3-ketopentanoate, valerate, crotonate, 3-mer-
captopropionate, propionate, vinylacetate, and butyrate,
among others.

The conversion of succinate to succinyl-CoA can be car-
ried by a transferase which does not require the direct con-
sumption of an ATP or GTP. This type of reaction is common
in a number of organisms. The conversion of succinate to
succinyl-CoA can also be catalyzed by succinyl-CoA:Acetyl-
CoA transferase. The gene product of catl of Clostridium
kluyveri has been shown to exhibit succinyl-CoA: acetyl-
CoA transferase activity (Sohling and Gottschalk, J. Bacte-
riol. 178:871-880 (1996)). In addition, the activity is present
in Trichomonas vaginalis (van Grinsven et al. 2008) and
Trypanosoma brucei (Riviere et al. 2004). The succinyl-CoA:
acetate CoA-transferase from Acetobacter aceti, encoded by
aarC, replaces succinyl-CoA synthetase in a variant TCA
cycle (Mullins et al. 2008). Similar succinyl-CoA transferase
activities are also present in Trichomonas vaginalis (van
Grinsven et al. 2008), Trypanosoma brucei (Riviere et al.
2004) and Clostridium kuyveri (Sohling and Gottschalk,
1996¢). The beta-ketoadipate:succinyl-CoA transferase
encoded by pcal and pcal in Pseudomonas putida is yet
another candidate (Kaschabek et al. 2002). The aforemen-
tioned proteins are identified below.

Protein GenBank ID GI Number  Organism
catl P38946.1 729048 Clostridium
kluyveri
TVAG_395550  XP_001330176 123975034  Irichomonas
vaginalis G3
Tb11.02.0290 XP__828352 71754875 Trypanosoma brucei
peal AAN69545.1 24985644 Pseudomonas putida
peal NP__746082.1 26990657 Pseudomonas putida
aarC ACD85596.1 189233555  Acetobacter aceti

An additional exemplary transferase that converts succi-
nate to succinyl-CoA while converting a 3-ketoacyl-CoA to a
3-ketoacid is succinyl-CoA:3:ketoacid-CoA transferase (EC
2.8.3.5). Exemplary succinyl-CoA:3:ketoacid-CoA trans-
ferases are present in Helicobacter pylori (Corthesy-Theulaz
etal. 1997), Bacillus subtilis, and Homo sapiens (Fukao et al.
2000; Tanaka et al. 2002). The aforementioned proteins are
identified below.

Protein GenBank ID GI Number Organism
HPAG1_0676 YP_ 627417 108563101 Helicobacter pylori
Protein GenBank ID GI Number Organism
HPAG1_0677 YP_627418 108563102 Helicobacter pylori
ScoA NP_391778 16080950 Bacillus subtilis
ScoB NP_391777 16080949 Bacillus subtilis
OXCT1 NP_000427 4557817 Homo sapiens
OXCT2 NP_071403 11545841 Homo sapiens

Converting succinate to succinyl-CoA by succinyl-CoA:3:
ketoacid-CoA transferase requires the simultaneous conver-
sion of a 3-ketoacyl-CoA such as acetoacetyl-CoA to a 3-ke-
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toacid such as acetoacetate. Conversion of a 3-ketoacid back
to a 3-ketoacyl-CoA can be catalyzed by an acetoacetyl-CoA:
acetate: CoA transferase. Acetoacetyl-CoA: acetate: CoA
transferase converts acetoacetyl-CoA and acetate to acetoac-
etate and acetyl-CoA, or vice versa. Exemplary enzymes
include the gene products of atoAD from E. coli (Hanaietal.,
Appl Environ Microbiol 73:7814-7818 (2007), ctfAB from
C. acetobutylicum (Jojima et al., Appl Microbiol Biotechnol
77:1219-1224 (2008), and ctfAB from Clostridium saccha-
roperbutylacetonicum (Kosaka et al., Biosci. Biotechnol Bio-
chem. 71:58-68 (2007)) are shown below.

Protein GenBank ID GI Number  Organism

AtoA NP_416726.1 2492994 Escherichia coli

AtoD NP_416725.1 2492990 Escherichia coli

CtfA NP__149326.1 15004866 Clostridium acetobutylicum

CtfB NP__149327.1 15004867 Clostridium acetobutylicum

CtfA AAP42564.1 31075384 Clostridium
saccharoperbutylacetonicum

CtfB AAP42565.1 31075385 Clostridium

saccharoperbutylacetonicum

Yet another possible CoA acceptor is benzylsuccinate.
Succinyl-CoA:(R)-Benzylsuccinate CoA-Transferase func-
tions as part of an anaerobic degradation pathway for toluene
in organisms such as Thauera aromatics (Leutwein and
Heider, J. Bact. 183(14) 4288-4295 (2001)). Homologs can
be found in Azoarcus sp. T, Aromatoleum aromaticum EbN1,
and Geobacter metallireducens GS-15. The aforementioned
proteins are identified below.

Protein GenBank ID GI Number Organism
bbsE AAF89840 9622535 Thauera aromatica
Protein GenBank ID GI Number  Organism
Bbsf AAF89841 9622536 Thauera aromatica
bbsE AAU45405.1 52421824 Azoarcus sp. T
bbsF AAU45406.1 52421825 Azoarcus sp. T
bbsE YP_158075.1 56476486 Aromatoleum aromaticum
EbN1
bbsF YP_158074.1 56476485 Aromatoleum avomaticum
EbN1
Gmet_1521 YP_384480.1 78222733 Geobacter metalliveducens
GS-15
Gmet__1522 YP_384481.1 78222734 Geobacter metallireducens
GS-15

Additionally, ygfH encodes a propionyl CoA:succinate
CoA transferase in . coli (Haller et al., Biochemistry, 39(16)
4622-4629). Close homologs can be found in, for example,
Citrobacter youngae ATCC 29220, Salmonella enterica
subsp. arizonae serovar, and Yersinia intermedia ATCC
29909. The aforementioned proteins are identified below.

Protein GenBank ID GI Number  Organism

ygfH NP_417395.1 16130821 Escherichia coli
str. K-12 substr.
MG1655

CIT292_04485  ZP_03838384.1 227334728  Citrobacter youngae
ATCC 29220

Salmonella enterica
subsp. arizonae
serovar

SARI_04582 YP_001573497.1 161506385
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-continued

Protein GenBank ID GI Number  Organism

Yersinia intermedia
ATCC 29909

yinte0001__14430 ZP_04635364.1 238791727

Citrate lyase (EC 4.1.3.6) catalyzes a series of reactions
resulting in the cleavage of citrate to acetate and oxaloacetate.
The enzyme is active under anaerobic conditions and is com-
posed of three subunits: an acyl-carrier protein (ACP,
gamma), an ACP transferase (alpha), and a acyl lyase (beta).
Enzyme activation uses covalent binding and acetylation of
an unusual prosthetic group, 2'-(5"-phosphoribosyl)-3-'-de-
phospho-CoA, which is similar in structure to acetyl-CoA.
Acylation is catalyzed by CitC, a citrate lyase synthetase. Two
additional proteins, CitG and CitX, are used to convert the apo
enzyme into the active holo enzyme (Schneider et al., Bio-
chemistry 39:9438-9450 (2000)). Wild type E. coli does not
have citrate lyase activity; however, mutants deficient in
molybdenum cofactor synthesis have an active citrate lyase
(Clark, FEMS Microbiol. Lett. 55:245-249 (1990)). The E.
coli enzyme is encoded by citEFD and the citrate lyase syn-
thetase is encoded by citC (Nilekani and SivaRaman, Bio-
chemistry  22:4657-4663 (1983)). The Leuconostoc
mesenteroides citrate lyase has been cloned, characterized
and expressed in E. coli (Bekal et al., J. Bacteriol. 180:647-
654 (1998)). Citrate lyase enzymes have also been identified
in enterobacteria that utilize citrate as a carbon and energy
source, including Salmonella typhimurium and Klebsiella
preumoniae (Bott, Arch. Microbiol. 167: 78-88 (1997); Bott
and Dimroth, Mol. Microbiol. 14:347-356 (1994)). The afore-
mentioned proteins are tabulated below.
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buk?2 from Clostridium acetobutylicum, also accept acetate as
a substrate (Hartmanis, M. G., J. Biol. Chem. 262:617-621
(1987)).

Protein GenBank ID GI Number  Organism

ackA NP_416799.1 16130231 Escherichia coli

Ack AABI18301.1 1491790 Clostridium acetobutylicum
Ack AAAT2042.1 349834 Methanosarcina thermophila
purT AACT74919.1 1788155 Escherichia coli

buk1 NP__349675 15896326 Clostridium acetobutylicum
buk2 Q97111 20137415 Clostridium acetobutylicum

The formation of acetyl-CoA from acetylphosphate is cata-
lyzed by phosphotransacetylase (EC 2.3.1.8). The pta gene
from E. coli encodes an enzyme that reversibly converts
acetyl-CoA into acetyl-phosphate (Suzuki, T., Biochim. Bio-
phys. Acta 191:559-569 (969)). Additional acetyltransferase
enzymes have been characterized in Bacillus subtilis (Rado
and Hoch, Biochim. Biophys. Acta 321:114-125 (1973),
Clostridium kluyveri (Stadtman, E., Methods Enzymol.
1:5896-599 (1955), and Thermotoga maritima (Bock etal., J.
Bacteriol. 181:1861-1867 (1999)). This reaction is also cata-
lyzed by some phosphotranbutyrylase enzymes (EC 2.3.1.19)
including the ptb gene products from Clostridium acetobu-
tylicum (Wiesenborn et al., App. Environ. Microbiol. 55:317-
322 (1989); Walter et al., Gere 134:107-111 (1993)). Addi-
tional ptb genes are found in butyrate-producing bacterium
L.2-50 (Louis et al., J. Bacteriol. 186:2099-2106 (2004) and
Bacillus megaterium (Vazquez et al., Curr Microbiol.
42:345-349 (2001).

Protein GenBank ID GI Number Organism

Protein GenBank ID GI Number Organism 35 Pta NP__416800.1 71152910 Escherichia coli
citF AAC73716.1 1786832 Escherichia coli
Cite AAC73717.2 87081764 Escherichia coli
citD AAC73718.1 1786834 Escherichia coli
citC AAC73719.2 87081765 Escherichia coli Protein GenBank ID  GI Number Organism
citG AAC73714.1 1786830 Escherichia coli 40
citX AAC73715.1 1786831 Escherichia coli Pta P39646 730415 Bacillus subtilis
citF CAAT71633.1 2842397 Leuconostoc mesenteroides Pta ASNRO1 146346896 Clostridium kluyveri
Cite CAAT71632.1 2842396 Leuconostoc mesenteroides Pta QX014 6685776 Thermotoga maritima
citD CAAT71635.1 2842395 Leuconostoc mesenteroides Ptb NP__349676 34540484 Clostridium acetobutylicum
citC CAAT71636.1 3413797 Leuconostoc mesenteroides Ptb AARI19757.1 38425288 butyrate-producing bacterium
citG CAAT71634.1 2842398 Leuconostoc mesenteroides 45 1.2-50
citX CAAT71634.1 2842398 Leuconostoc mesenteroides Ptb CAC07932.1 10046659 Bacillus megaterium
citF NP_459613.1 16763998 Salmonella typhimurium
cite AAL19573.1 16419133 Salmonella typhimurium
citD NP_459064.1 16763449 Salmonella typhimurium The acylation of acetate to acetyl-CoA is catalyzed by
citC NP_459616.1 16764001 Salmonella typhimurium enzymes with acetyl-CoA synthetase activity. Two enzymes
citG NP_459611.1 16763996 Salmonella typhimurium . . .

X o 50 that catalyze this reaction are AMP-forming acetyl-CoA syn-
citX NP_459612.1 16763997 Salmonella typhimurium .
GitF CAAS6217.1 565619 Klebsiella pueumoniae thetase (EC 6.2.1.1) and ADP-forming acetyl-CoA syn-
cite CAA56216.1 565618 Klebsiella pneumoniae thetase (EC 6.2.1.13). AMP-forming acetyl-CoA synthetase
citD CAA56215.1 565617 Klebsiella pneumoniae (ACS) is the predominant enzyme for activation of acetate to
citC BAH66541.1 238774045 Klebsiella pneumoniae acetyl-CoA. Exemplary ACS enzymes are found in E. coli
citG CAA56218.1 565620 Klebsiella pneumoniae : : .
et AALB0M631 18140907 Kicbsiella preumoniae 55 (Brown et al., J. Gen. Microbiol. 102:327-336 (1977)), Ral-

Acetate kinase (EC 2.7.2.1) catalyzes the reversible ATP-
dependent phosphorylation of acetate to acetylphosphate.
Exemplary acetate kinase enzymes have been characterized
in many organisms including E. coli, Clostridium acetobu-
tylicum and Methanosarcina thermophila (Ingram-Smith et
al., J. Bacteriol. 187:2386-2394 (2005); Fox and Roseman, J.
Biol. Chem. 261:13487-13497 (1986); Winzer et al., Micro-
bioloy 143 (Pt10):3279-3286 (1997)). Acetate kinase activity
has also been demonstrated in the gene product of E. co/i purT
(Marolewski et al., Biochemistry 33:2531-2537 (1994). Some
butyrate kinase enzymes (EC 2.7.2.7), for example buk1 and

60

65

stonia eutropha (Priefert and Steinbuchel, J. Bacteriol. 174:
6590-6599 (1992)), Methanothermobacter thermautotrophi-
cus (Ingram-Smith and Smith, Archaea 2:95-107 (2007)),
Salmonella enterica (Gulick et al., Biochemistry 42:2866-
2873 (2003)) and Saccharomyces cerevisiae (Jogl and Tong,
Biochemistry 43:1425-1431 (2004)). ADP-forming acetyl-
CoA synthetases are reversible enzymes with a generally
broad substrate range (Musfeldt and Schonheit, J. Bacteriol.
184:636-644 (2002)). Two isozymes of ADP-forming acetyl-
CoA synthetases are encoded in the Archaeoglobus fulgidus
genome by are encoded by AF1211 and AF1983 (Musfeldt
and Schonheit, supra (2002)). The enzyme from Haloarcula
marismortui (annotated as a succinyl-CoA synthetase) also
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accepts acetate as a substrate and reversibility of the enzyme
was demonstrated (Brasen and Schonheit, Arch. Microbiol.
182:277-287 (2004)). The ACD encoded by PAE3250 from
hyperthermophilic crenarchacon Pyrobaculum aerophilum
showed the broadest substrate range of all characterized
ACDs, reacting with acetate, isobutyryl-CoA (preferred sub-
strate) and phenylacetyl-CoA (Brasen and Schonheit, supra
(2004)). Directed evolution or engineering can be used to
modify this enzyme to operate at the physiological tempera-
ture of the host organism. The enzymes from A. filgidus, H.
marismortui and P. aerophilum have all been cloned, func-
tionally expressed, and characterized in E. coli (Brasen and
Schonheit, supra (2004); Musfeldt and Schonheit, supra
(2002)). Additional candidates include the succinyl-CoA
synthetase encoded by sucCD in E. coli (Buck et al., Bio-
chemistry 24:6245-6252 (1985)) and the acyl-CoA ligase
from Pseudomonas putida (Fernandez-Valverde et al., Appl.
Environ. Microbiol. 59:1149-1154 (1993)). The aforemen-
tioned proteins are tabulated below.

Protein GenBank ID GI Number  Organism

acs AAC77039.1 1790505 Escherichia coli

acoE AAA21945.1 141890 Ralstonia eutropha

acsl ABCR7079.1 86169671 Methanothermobacter
thermautotrophicus

acsl AAT23099.1 16422835 Salmonella enterica

ACS1 Q01574.2 257050994  Saccharomyces cerevisiae

AF1211 NP_070039.1 11498810 Archaeoglobus fulgidus

AF1983 NP_070807.1 11499565 Archaeoglobus fulgidus

scs YP_135572.1 55377722 Haloarcula marismortui

PAE3250 NP_560604.1 18313937 Pyrobaculum aerophilum str.
M2

sucC NP_415256.1 16128703 Escherichia coli

sucD AAC73823.1 1786949 Escherichia coli

paaF AAC24333.2 22711873 Pseudomonas putida

The product yields per C-mol of substrate of microbial
cells synthesizing reduced fermentation products such as
butadiene or crotyl alcohol, are limited by insufficient reduc-
ing equivalents in the carbohydrate feedstock. Reducing
equivalents, or electrons, can be extracted from synthesis gas
components such as CO and H, using carbon monoxide dehy-
drogenase (CODH) and hydrogenase enzymes, respectively.
The reducing equivalents are then passed to acceptors such as
oxidized ferredoxins, oxidized quinones, oxidized cyto-
chromes, NAD(P)", water, or hydrogen peroxide to form
reduced ferredoxin, reduced quinones, reduced cytochromes,
NAD(P)H, H,, or water, respectively. Reduced ferredoxin
and NAD(P)H are particularly useful as they can serve as
redox carriers for various Wood-Ljungdahl pathway and
reductive TCA cycle enzymes.

Here, we show specific examples of how additional redox
availability from CO and/or H, can improve the yields of
reduced products such as butadiene or crotyl alcohol.

The maximum theoretical yield to produce butadiene from
glucose is 1 mole/mole (0.3 g/g) based on the pathway
described in FIG. 2. For the pathway described in FIG. 4, the
maximum theoretical yield under aerobic conditions is 0.28
g/g. The maximum theoretical yield based on stoichiometry is
1.09 mole/mole (0.33 g/g). Using rTCA and hydrogen, this
yield can be improved to 2 mole/mole glucose (0.6 g/g).
Similar yield improvements can be attained for crotyl alcohol
via the proposed routes.
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When both feedstocks of sugar and syngas are available,
the syngas components CO and H, can be utilized to generate
reducing equivalents by employing the hydrogenase and CO
dehydrogenase. The reducing equivalents generated from
syngas components will be utilized to power the glucose to
butadiene or crotyl alcohol production pathways.

As shown in above example, a combined feedstock strat-
egy where syngas is combined with a sugar-based feedstock
or other carbon substrate can greatly improve the theoretical
yields. In this co-feeding appoach, syngas components H,
and CO can be utilized by the hydrogenase and CO dehydro-
genase to generate reducing equivalents, that can be used to
power chemical production pathways in which the carbons
from sugar or other carbon substrates will be maximally
conserved and the theoretical yields improved. In case of
butadiene or crotyl alcohol production from glucose or sugar,
the theoretical yields improve from 1.09 mol butadiene or
crotyl alcohol per mol of glucose to 2 mol butadiene or crotyl
alcohol per mol of glucose. Such improvements provide envi-
ronmental and economic benefits and greatly enhance sus-
tainable chemical production.

Herein below the enzymes and the corresponding genes
used for extracting redox from synags components are
described. CODH is a reversible enzyme that interconverts
CO and CO, at the expense or gain of electrons. The natural
physiological role of the CODH in ACS/CODH complexes is
to convert CO, to CO for incorporation into acetyl-CoA by
acetyl-CoA synthase. Nevertheless, such CODH enzymes are
suitable for the extraction of reducing equivalents from CO
due to the reversible nature of such enzymes. Expressing such
CODH enzymes in the absence of ACS allows them to operate
in the direction opposite to their natural physiological role
(i.e., CO oxidation).

In M. thermoacetica, C. hydrogenoformans, C. carboxidi-
vorans P7, and several other organisms, additional CODH
encoding genes are located outside of the ACS/CODH oper-
ons. These enzymes provide a means for extracting electrons
(or reducing equivalents) from the conversion of carbon mon-
oxide to carbon dioxide. The M. thermoacetica gene (Gen-
bank Accession Number: YP_ 430813) is expressed by itself
in an operon and is believed to transfer electrons from CO to
an external mediator like ferredoxin in a “Ping-pong” reac-
tion. The reduced mediator then couples to other reduced
nicolinamide adenine dinucleotide phosphate (NAD(P)H)
carriers or ferredoxin-dependent cellular processes (Rags-
dale, Annals of the New York Academy of Sciences 1125:
129-136 (2008)). The genes encoding the C. hydrogenofor-
mans CODH-I1 and CooF, a neighboring protein, were cloned
and sequenced (Gonzalez and Robb, FEMS Microbiol Lett.
191:243-247 (2000)). The resulting complex was membrane-
bound, although cytoplasmic fractions of CODH-II were
shown to catalyze the formation of NADPH suggesting an
anabolic role (Svetlitchnyi et al., J Bacteriol. 183:5134-5144
(2001)). The crystal structure of the CODH-II is also avail-
able (Dobbek et al., Science 293:1281-1285 (2001)). Similar
ACS-free CODH enzymes can be found in a diverse array of
organisms including Geobacter metallireducens GS-15,
Chlorobium phaeobacteroides DSM 266, Clostridium cellu-
lolyticum H10, Desulfovibrio desulfuricans subsp. desulfuri-
cans str. ATCC 27774, Pelobacter carbinolicus DSM 2380,
and Campylobacter curvus 525.92.

Protein GenBank ID GI Number  Organism
CODH (putative) YP_ 430813 83590804 Moorella thermoacetica
CODH-II (CooS-1I) YP__358957 78044574 Carboxydothermus hydrogenoformans
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Protein GenBank ID GI Number  Organism
CooF YP__358958 78045112 Carboxydothermus hydrogenoformans
CODH (putative ZP_05390164.1 255523193  Clostridium carboxidivorans P7
CcarbDRAFT_0341  ZP_05390341.1 255523371  Clostridium carboxidivorans P7
CcarbDRAFT__1756  ZP_05391756.1 255524806  Clostridium carboxidivorans P7
CcarbDRAFT_ 2944  ZP_ 053929441 255526020 Clostridium carboxidivorans P7
CODH YP__384856.1 78223109 Geobacter metalliveducens GS-15
Cpha266_0148 YP_910642.1 119355998  Chlorobium phaeobacteroides
(cytochrome ¢) DSM 266
Cpha266_0149 YP_910643.1 119355999 Chlorobium phaeobacteroides
(CODH) DSM 266
Ccel 0438 YP__002504800.1 220927891  Clostridium cellulolyticum H10
Ddes_ 0382 (CODH)  YP_002478973.1 220903661  Desulfovibrio desulfuricans

subsp. desulfuricans str. ATCC 27774
Ddes__0381 (CooC) YP_002478972.1 220903660  Desulfovibrio desulfuricans

subsp. desulfuricans str. ATCC 27774
Pcar_ 0057 (CODH)  YP_355490.1 7791767 Pelobacter carbinolicus DSM 2380
Pcar_ 0058 (CooC) YP_355491.1 7791766 Pelobacter carbinolicus DSM 2380
Pcar_ 0058 (HypA) YP_355492.1 7791765 Pelobacter carbinolicus DSM 2380
CooS (CODH) YP_001407343.1 154175407  Campylobacter curvus 525.92

In some cases, hydrogenase encoding genes are located -continued
adjacent to a CODH. In Rhodospirillum rubrum, the encoded
CODH/hydrogenase proteins .for.m a membrape-bound 55 Protein GenBank ID  GI Number Organism
enzyme complex that has been indicated to be a site where
energy, in the form of a proton gradient, is generated from the CooT AACAS12S 1498750 Rhodospirill 5
. 00 odospirillum rubrum
conversion of CO and H,O to CO, and H, (Fox et al., J ?
Cool AACA45126 1498751 Rhodospirillum rubrum

Bacteriol. 178:6200-6208 (1996)). The CODH-1of C. hydro-
genoformans and its adjacent genes have been proposed to
catalyze a similar functional role based on their similarity to
the R. rubrum CODH/hydrogenase gene cluster (Wu et al.,
PLoS Genet. 1:65 (2005)). The C. hydrogenoformans
CODH-I was also shown to exhibit intense CO oxidation and
CO, reduction activities when linked to an electrode (Parkin
etal., JAm. Chem. Soc. 129:10328-10329 (2007)). The pro-
tein sequences of exemplary CODH and hydrogenase genes
can be identified by the following GenBank accession num-
bers.
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Native to E. coli and other enteric bacteria are multiple
genes encoding up to four hydrogenases (Sawers, G., Antonie
Van Leeuwenhoek 66:57-88 (1994); Sawers etal., J Bacteriol.
164:1324-1331 (1985); Sawers and Boxer, FEur. J Biochem.
156:265-275 (1986); Sawers et al., J Bacteriol. 168:398-404
(1986)). Given the multiplicity of enzyme activities, E. coli or
another host organism can provide sufficient hydrogenase
activity to split incoming molecular hydrogen and reduce the
corresponding acceptor. E. coli possesses two uptake hydro-
genases, Hyd-1 and Hyd-2, encoded by the hyaABCDEF and

Protei GenBank ID  GI Numb Organi .
fotem o e reansm hybOABCDEFG gene clusters, respectively (Lukey et al.,
CODH-I YP_360644 78043418 Carboxydothermus How E. coli is equipped to oxidize hydrogen under different
(CooS-I) hydrogenoformans redox conditions, J Biol Chem published online Nov. 16,
CooF YP__360645 78044791 Carboxydothermus . . . .
hydrogenoformans 45 2009). Hyd-1 is oxygen-tolerant, irreversible, and is coupled
HypA YP_360646 78044340 Carboxydothermus to quinone reduction via the hyaC cytochrome. Hyd-2 is
hydrogenoformans sensitive to O,, reversible, and transfers electrons to the peri-
CooH YP__360647 78043871 Carboxydothermus . . . . .
hydrogenoformans plasmic ferredoxin hybA which, in turn, reduces a quinone
CooU YP_360648 78044023 Carboxydothermus via the hybB integral membrane protein. Reduced quinones
hydrogenoformans 50 can serve as the source of electrons for fumarate reductase in
CooX YP_360649 78043124 f;;fggi%emr;’f; the reductive branch of the TCA cycle. Reduced ferredoxins
CooL YP_360650 78043938 Carboxydothermus can be used by enzymes such as NAD(P)H:ferredoxin oxi-
hydrogenoformans doreductases to generate NADPH or NADH. They can alter-
Cook YP_360651 78044700 }f;’;fo‘;";{i%emr?;; natively be used as the electron donor for reactions such as
CooM YP_ 360652 78043942 Carboxydothermus » pyruvate ferredoxin oxidoreductase, AKG ferredoxin oxi-
hydrogenoformans doreductase, and 5,10-methylene-H4folate reductase.
CooC YP_360654.1 78043296 Carboxydothermus
hydrogenoformans
CooA-1 YP_360655.1 78044021 Carboxydothermus - -
hydrogenoformans Protein GenBank ID GI Number Organism
Cool. AACAS118 1515468 Rhodospirillum rubrum 00 —
CooX AAC4S119 1515469 Rhodospirillum rubrum HyaA  AAC74057.1 1787206 Lscherichia colt
CooU AAC4S120 1515470 Rhodospirillum rubrum HyaB  AAC74058.1 1787207 Lscherichia colt
CooH AAC45121 1498746 Rhodospirillum rubrum HyaC AACT4059.1 1787208 Escherichia coli
CooF AACA45122 1498747 Rhodospirillum rubrum HyaD AAC74060.1 1787209 Escherichia coli
CODH AACA5123 1498748 Rhodospirillum rubrum HyaE AACT74061.1 - 1787210 Escherichia coli
(CooS) 65 HyaF AAC74062.1 1787211 Escherichia coli
CooC AACA5124 1498749 Rhodospirillum rubrum
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Protein GenBank ID GI Number Organism

HybO AAC76033.1 1789371 Escherichia coli
HybA AACT76032.1 1789370 Escherichia coli
HybB AAC76031.1 2367183 Escherichia coli
HybC AAC76030.1 1789368 Escherichia coli
HybD AACT76029.1 1789367 Escherichia coli
HybE AACT76028.1 1789366 Escherichia coli
HybF AACT76027.1 1789365 Escherichia coli
HybG AACT6026.1 1789364 Escherichia coli

The hydrogen-lyase systems of E. coli include hydroge-
nase 3, amembrane-bound enzyme complex using ferredoxin
as an acceptor, and hydrogenase 4 that also uses a ferredoxin
acceptor. Hydrogenase 3 and 4 are encoded by the hyc and hyf
gene clusters, respectively. Hydrogenase 3 has been shown to
be a reversible enzyme (Maeda et al., Appl Microbiol Bio-
technol 76(5):1035-42 (2007)). Hydrogenase activity in F.
coli is also dependent upon the expression of the hyp genes
whose corresponding proteins are involved in the assembly of
the hydrogenase complexes (Jacobi et al., Arch. Microbiol
158:444-451 (1992); Rangarajan et al., J. Bacteriol, 190:
1447-1458 (2008)).

Protein GenBank ID GI Number Organism

HycA NP_417205 16130632 Escherichia coli
HycB NP_417204 16130631 Escherichia coli
HycC NP_417203 16130630 Escherichia coli
HycD NP_ 417202 16130629 Escherichia coli
HycE NP_417201 16130628 Escherichia coli
HycF NP_417200 16130627 Escherichia coli
HycG NP_417199 16130626 Escherichia coli
HycH NP_ 417198 16130625 Escherichia coli
Hycl NP_417197 16130624 Escherichia coli
Protein GenBank ID GI Number Organism

HyfA NP_416976 90111444 Escherichia coli
HyfB NP_416977 16130407 Escherichia coli
HyfC NP_416978 90111445 Escherichia coli
HyfD NP_ 416979 16130409 Escherichia coli
HyfE NP_416980 16130410 Escherichia coli
HyfF NP_416981 16130411 Escherichia coli
HyfG NP_ 416982 16130412 Escherichia coli
HyfH NP_416983 16130413 Escherichia coli
Hyfl NP_ 416984 16130414 Escherichia coli
HyfJ NP_416985 90111446 Escherichia coli
HyfR NP__ 416986 90111447 Escherichia coli
Protein GenBank ID GI Number Organism

HypA NP_417206 16130633 Escherichia coli
HypB NP_417207 16130634 Escherichia coli
HypC NP_417208 16130635 Escherichia coli
HypD NP_417209 16130636 Escherichia coli
HypE NP_417210 226524740 Escherichia coli
HypF NP_417192 16130619 Escherichia coli

The M. thermoacetica hydrogenases are suitable for a host
that lacks sufficient endogenous hydrogenase activity. M.
thermoacetica can grow with CO, as the exclusive carbon
source indicating that reducing equivalents are extracted from
H, to enable acetyl-CoA synthesis via the Wood-[jungdahl
pathway (Drake, H. L., J. Bacteriol. 150:702-709 (1982);
Drake and Daniel, Res. Microbiol. 155:869-883 (2004); Kel-
lum and Drake, J. Bacteriol. 160:466-469 (1984)) (see FIG.
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2A). M. thermoacetica has homologs to several hyp, hyc, and
hyf genes from E. coli. The protein sequences encoded for by
these genes are identified by the following GenBank acces-
sion numbers.

Proteins in M. thermoacetica whose genes are homologous
to the E. coli hyp genes are shown below.

Protein GenBank ID GI Number Organism

Moth_ 2175 YP_ 431007 83590998 Moorella thermoacetica
Moth_ 2176 YP_ 431008 83590999 Moorella thermoacetica
Moth_ 2177 YP_ 431009 83591000 Moorella thermoacetica
Moth_ 2178 YP_ 431010 83591001 Moorella thermoacetica
Moth_ 2179 YP_431011 83591002 Moorella thermoacetica
Moth_ 2180 YP_431012 83591003 Moorella thermoacetica
Moth_ 2181 YP_431013 83591004 Moorella thermoacetica

Proteins in M. thermoacetica that are homologous to the £.
coli Hydrogenase 3 and/or 4 proteins are listed in the follow-
ing table.

Protein GenBank ID GI Number Organism

Moth_ 2182 YP_431014 83591005 Moorella thermoacetica
Moth_ 2183 YP_431015 83591006 Moorella thermoacetica
Moth_ 2184 YP_431016 83591007 Moorella thermoacetica
Moth_ 2185 YP_431017 83591008 Moorella thermoacetica
Moth_ 2186 YP_431018 83591009 Moorella thermoacetica
Moth_ 2187 YP_ 431019 83591010 Moorella thermoacetica
Moth_ 2188 YP_431020 83591011 Moorella thermoacetica
Moth_ 2189 YP_431021 83591012 Moorella thermoacetica
Moth_ 2190 YP_431022 83591013 Moorella thermoacetica
Moth_ 2191 YP_ 431023 83591014 Moorella thermoacetica
Moth_ 2192 YP_431024 83591015 Moorella thermoacetica

In addition, several gene clusters encoding hydrogenase
functionality are present in M. thermoacetica and their cor-
responding protein sequences are provided below.

Protein GenBank ID GI Number Organism

Moth_ 0439 YP_ 429313 83589304 Moorella thermoacetica
Moth_ 0440 YP_429314 83589305 Moorella thermoacetica
Moth_ 0441 YP_ 429315 83589306 Moorella thermoacetica
Moth_ 0442 YP_429316 83589307 Moorella thermoacetica
Moth_ 0809 YP_ 429670 83589661 Moorella thermoacetica
Moth_ 0810 YP_ 429671 83589662 Moorella thermoacetica
Moth_ 0811 YP_429672 83589663 Moorella thermoacetica
Moth_ 0812 YP_ 429673 83589664 Moorella thermoacetica
Moth_ 0814 YP_ 429674 83589665 Moorella thermoacetica
Moth_ 0815 YP_ 429675 83589666 Moorella thermoacetica
Moth_ 0816 YP_429676 83589667 Moorella thermoacetica
Moth_ 1193 YP__ 430050 83590041 Moorella thermoacetica
Moth__ 1194 YP_ 430051 83590042 Moorella thermoacetica
Moth_ 1195 YP_ 430052 83590043 Moorella thermoacetica
Moth__ 1196 YP_ 430053 83590044 Moorella thermoacetica
Moth_ 1717 YP_ 430562 83590553 Moorella thermoacetica
Moth_ 1718 YP_430563 83590554 Moorella thermoacetica
Moth_ 1719 YP_430564 83590555 Moorella thermoacetica
Moth_ 1883 YP_430726 83590717 Moorella thermoacetica
Moth_ 1884 YP_ 430727 83590718 Moorella thermoacetica
Moth_ 1885 YP_430728 83590719 Moorella thermoacetica
Moth__ 1886 YP_430729 83590720 Moorella thermoacetica
Moth__ 1887 YP_430730 83590721 Moorella thermoacetica
Moth_ 1888 YP_ 430731 83590722 Moorella thermoacetica
Moth__ 1452 YP_430305 83590296 Moorella thermoacetica
Moth_ 1453 YP_430306 83590297 Moorella thermoacetica
Moth__ 1454 YP_ 430307 83590298 Moorella thermoacetica

Ralstonia eutropha H16 uses hydrogen as an energy source
with oxygen as a terminal electron acceptor. Its membrane-
bound uptake [NiFe]-hydrogenase is an “O2-tolerant” hydro-
genase (Cracknell, et al. Proc Nat Acad Sci, 106(49) 20681-
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20686 (2009)) that is periplasmically-oriented and connected
to the respiratory chain via a b-type cytochrome (Schink and
Schlegel, Biochim. Biophys. Acta, 567, 315-324 (1979);
Bernhard et al., Fur. J. Biochem. 248, 179-186 (1997)). R.
eutropha also contains an O,-tolerant soluble hydrogenase
encoded by the Hox operon which is cytoplasmic and directly
reduces NAD+ at the expense of hydrogen (Schneider and
Schlegel, Biochim. Biophys. Acta 452, 66-80 (1976); Burg-
dorf, J. Bact. 187(9) 3122-3132 (2005)). Soluble hydroge-
nase enzymes are additionally present in several other organ-
isms including Geobacter  sulfurreducens  (Coppi,
Microbiology 151, 1239-1254 (2005)), Synechocystis str.
PCC 6803 (Germer, J. Biol. Chem., 284(52), 36462-36472
(2009)), and Thiocapsa roseopersicina (Rakhely, Appl. Envi-
ron. Microbiol. 70(2) 722-728 (2004)). The Synechocystis
enzyme is capable of generating NADPH from hydrogen.
Overexpression of both the Hox operon from Syrnechocystis
str. PCC 6803 and the accessory genes encoded by the Hyp
operon from Nostoc sp. PCC 7120 led to increased hydroge-
nase activity compared to expression of the Hox genes alone
(Germer, J. Biol. Chem. 284(52), 36462-36472 (2009)).

Protein GenBank ID GI Number  Organism
HoxF NP_942727.1 38637753 Ralstonia eutropha H16
HoxU NP_942728.1 38637754 Ralstonia eutropha H16
HoxY NP_942729.1 38637755 Ralstonia eutropha H16
HoxH NP_942730.1 38637756 Ralstonia eutropha H16
HoxW NP_942731.1 38637757 Ralstonia eutropha H16
HoxI NP_942732.1 38637758 Ralstonia eutropha H16
HoxE NP_953767.1 39997816 Geobacter sulfurreducens
HoxF NP_953766.1 39997815 Geobacter sulfurreducens
HoxU NP_953765.1 39997814 Geobacter sulfurreducens
HoxY NP_953764.1 39997813 Geobacter sulfurreducens
HoxH NP_953763.1 39997812 Geobacter sulfurreducens
GSU2717 NP_953762.1 39997811 Geobacter sulfurreducens
HoxE NP_441418.1 16330690 Synechocystis str. PCC
6803
HoxF NP_441417.1 16330689 Synechocystis str. PCC
6803
Unknown NP_441416.1 16330688 Synechocystis str. PCC
function 6803
HoxU NP_441415.1 16330687 Synechocystis str. PCC
6803
HoxY NP_441414.1 16330686 Synechocystis str. PCC
6803
Unknown NP_441413.1 16330685 Synechocystis str. PCC
function 6803
Unknown NP_441412.1 16330684 Synechocystis str. PCC
function 6803
HoxH NP_441411.1 16330683 Synechocystis str. PCC
6803
HypF NP_484737.1 17228189 Nostoc sp. PCC 7120
HypC NP_484738.1 17228190 Nostoc sp. PCC 7120
HypD NP_484739.1 17228191 Nostoc sp. PCC 7120
Unknown NP_484740.1 17228192 Nostoc sp. PCC 7120
function
HypE NP_484741.1 17228193 Nostoc sp. PCC 7120
HypA NP_484742.1 17228194 Nostoc sp. PCC 7120
HypB NP_484743.1 17228195 Nostoc sp. PCC 7120
Hox1E AAP50519.1 37787351 Thiocapsa roseopersicina
Hox1F AAP50520.1 37787352 Thiocapsa roseopersicina
Hox1U AAP50521.1 37787353 Thiocapsa roseopersicina
Hox1Y AAP50522.1 37787354 Thiocapsa roseopersicina
Hox1H AAP50523.1 37787355 Thiocapsa roseopersicina

Several enzymes and the corresponding genes used for
fixing carbon dioxide to either pyruvate or phosphoenolpyru-
vate to form the TCA cycle intermediates, oxaloacetate or
malate are described below.

Carboxylation of phosphoenolpyruvate to oxaloacetate is
catalyzed by phosphoenolpyruvate carboxylase. Exemplary
PEP carboxylase enzymes are encoded by ppc in E. coli (Kai
etal., Arch. Biochem. Biophys. 414:170-179 (2003), ppcA in
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Methylobacterium extorquens AM1 (Arps et al., J. Bacteriol.
175:3776-3783 (1993), and ppc in Corynebacterium
glutamicum (Eikmanns et al., Mol. Gen. Genet. 218:330-339
(1989).

Protein GenBank ID  GI Number Organism

Ppc NP_418391 16131794 Escherichia coli

PpPcA AAB58883 28572162 Methylobacterium extorquens
Ppc ABB53270 80973080 Corynebacterium glutamicum

An alternative enzyme for converting phosphoenolpyru-
vate to oxaloacetate is PEP carboxykinase, which simulta-
neously forms an ATP while carboxylating PEP. In most
organisms PEP carboxykinase serves a gluconeogenic func-
tion and converts oxaloacetate to PEP at the expense of one
ATP. S. cerevisiae is one such organism whose native PEP
carboxykinase, PCKJ, serves a gluconeogenic role (Valdes-
Heviaetal., FEBS Lett. 258:313-316 (1989). E. coli is another
such organism, as the role of PEP carboxykinase in producing
oxaloacetate is believed to be minor when compared to PEP
carboxylase, which does not form ATP, possibly due to the
higher K, for bicarbonate of PEP carboxykinase (Kim et al.,
Appl. Environ. Microbiol. 70:1238-1241 (2004)). Neverthe-
less, activity of the native E. coli PEP carboxykinase from
PEP towards oxaloacetate has been recently demonstrated in
ppc mutants of E. coli K-12 (Kwon et al., J. Microbiol. Bio-
technol. 16:1448-1452 (2006)). These strains exhibited no
growth defects and had increased succinate production at
high NaHCO, concentrations. Mutant strains of £. coli can
adopt Pck as the dominant CO2-fixing enzyme following
adaptive evolution (Zhang et al. 2009). In some organisms,
particularly rumen bacteria, PEP carboxykinase is quite effi-
cient in producing oxaloacetate from PEP and generating
ATP. Examples of PEP carboxykinase genes that have been
cloned into E. coli include those from Mannheimia suc-
ciniciproducens (Lee et al., Biotechnol. Bioprocess Eng.
7:95-99 (2002)), Anaerobiospirillum succiniciproducens
(Laivenieks et al., Appl. Environ. Microbiol. 63:2273-2280
(1997), and Actinobacillus succinogenes (Kim et al. supra).
The PEP carboxykinase enzyme encoded by Haemophilus
influenza is effective at forming oxaloacetate from PEP.

Protein GenBank ID GI Number  Organism

PCK1 NP_013023 6322950 Saccharomyces cerevisiae

pek NP_417862.1 16131280 Escherichia coli

pckA YP_089485.1 52426348 Mannheimia succiniciproducens

pckA 009460.1 3122621 Anaerobiospirillum
succiniciproducens

pckA Q6W6XS 75440571 Actinobacillus succinogenes

pckA P43923.1 1172573 Haemophilus influenza

Pyruvate carboxylase (EC 6.4.1.1) directly converts pyru-
vate to oxaloacetate at the cost of one ATP. Pyruvate carboxy-
lase enzymes are encoded by PYC1 (Walker et al., Biochem.
Biophys. Res. Commun. 176:1210-1217 (1991) and PYC2
(Walker et al., supra) in Saccharomyces cerevisiae, and pyc in
Mycobacterium smegmatis (Mukhopadhyay and Purwantini,
Biochim. Biophys. Acta 1475:191-206 (2000)).

Protein GenBank ID GI Number Organism

PYC1 NP__ 011453 6321376 Saccharomyces cerevisiae
PYC2 NP__009777 6319695 Saccharomyces cerevisiae
Pyc YP__890857.1 118470447 Mycobacterium smegmatis
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Malic enzyme can be applied to convert CO, and pyruvate
to malate at the expense of one reducing equivalent. Malic
enzymes for this purpose can include, without limitation,
malic enzyme (NAD-dependent) and malic enzyme (NADP-
dependent). For example, one of the E. coli malic enzymes
(Takeo, J. Biochem. 66:379-387 (1969)) or a similar enzyme
with higher activity can be expressed to enable the conversion
of pyruvate and CO, to malate. By fixing carbon to pyruvate
as opposed to PEP, malic enzyme allows the high-energy
phosphate bond from PEP to be conserved by pyruvate kinase
whereby ATP is generated in the formation of pyruvate or by
the phosphotransferase system for glucose transport.
Although malic enzyme is typically assumed to operate in the
direction of pyruvate formation from malate, overexpression
of'the NAD-dependent enzyme, encoded by maeA, has been
demonstrated to increase succinate production in E. cofi
while restoring the lethal Apfl-AldhA phenotype under
anaerobic conditions by operating in the carbon-fixing direc-
tion (Stols and Donnelly, Appl. Environ. Microbiol. 63(7)
2695-2701 (1997)). A similar observation was made upon
overexpressing the malic enzyme from Ascaris suum in E.
coli (Stols et al., Appl. Biochem. Biotechnol. 63-65(1), 153-
158 (1997)). The second E. coli malic enzyme, encoded by
maeB, is NADP-dependent and also decarboxylates oxaloac-
etate and other alpha-keto acids (Iwakura et al., J. Biochem.
85(5):1355-65 (1979)).

Protein GenBank ID GI Number Organism
maeA NP_415996 90111281 Escherichia coli
maeB NP_ 416958 16130388 Escherichia coli
NAD-ME P27443 126732 Ascaris suum

The enzymes used for converting oxaloacetate (formed
from, for example, PEP carboxylase, PEP carboxykinase, or
pyruvate carboxylase) or malate (formed from, for example,
malic enzyme or malate dehydrogenase) to succinyl-CoA via
the reductive branch of the TCA cycle are malate dehydroge-
nase, fumarate dehydratase (fumarase), fumarate reductase,
and succinyl-CoA transferase. The genes for each of the
enzymes are described herein.

Enzymes, genes and methods for engineering pathways
from succinyl-CoA to various products into a microorganism
are now known in the art. The additional reducing equivalents
obtained from CO and/or H,, as disclosed herein, improve the
yields of butadiene or crotyl alcohol when utilizing carbohy-
drate-based feedstock.

Enzymes, genes and methods for engineering pathways
from glycolysis intermediates to various products into a
microorganism are known in the art. The additional reducing
equivalents obtained from CO and H,, as described herein,
improve the yields of all these products, including butadiene
and crotyl alcohol, on carbohydrates.

EXAMPLE III
Methods for Handling CO and Anaerobic Cultures

This example describes methods used in handling CO and
anaerobic cultures.

A. Handling of CO in Small Quantities for Assays and
Small Cultures. CO is an odorless, colorless and tasteless gas
that is a poison. Therefore, cultures and assays that utilized
CO required special handling. Several assays, including CO
oxidation, acetyl-CoA synthesis, CO concentration using
myoglobin, and CO tolerance/utilization in small batch cul-
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tures, called for small quantities of the CO gas that were
dispensed and handled within a fume hood. Biochemical
assays called for saturating very small quantities (<2 mL) of
the biochemical assay medium or buffer with CO and then
performing the assay. All of the CO handling steps were
performed in a fume hood with the sash set at the proper
height and blower turned on; CO was dispensed from a com-
pressed gas cylinder and the regulator connected to a Schlenk
line. The latter ensures that equal concentrations of CO were
dispensed to each of several possible cuvettes or vials. The
Schlenk line was set up containing an oxygen scrubber on the
input side and an oil pressure release bubbler and vent on the
other side. Assay cuvettes were both anaerobic and CO-con-
taining. Threfore, the assay cuvettes were tightly sealed with
a rubber stopper and reagents were added or removed using
gas-tight needles and syringes. Secondly, small (~50 mL)
cultures were grown with saturating CO in tightly stoppered
serum bottles. As with the biochemical assays, the CO-satu-
rated microbial cultures were equilibrated in the fume hood
using the Schlenk line setup. Both the biochemical assays and
microbial cultures were in portable, sealed containers and in
small volumes making for safe handling outside of the fume
hood. The compressed CO tank was adjacent to the fume
hood.

Typically, a Schlenk line was used to dispense CO to
cuvettes, each vented. Rubber stoppers on the cuvettes were
pierced with 19 or 20 gage disposable syringe needles and
were vented with the same. An oil bubbler was used witha CO
tank and oxygen scrubber. The glass or quartz spectropho-
tometer cuvettes have a circular hole on top into which a
Kontes stopper sleeve, Sz7 774250-0007 was fitted. The CO
detector unit was positioned proximal to the fume hood.

B. Handling of CO in Larger Quantities Fed to Large-Scale
Cultures. Fermentation cultures are fed either CO or a mix-
ture of CO and H, to simulate syngas as a feedstock in fer-
mentative production. Therefore, quantities of cells ranging
from 1 liter to several liters can include the addition of CO gas
to increase the dissolved concentration of CO in the medium.
In these circumstances, fairly large and continuously admin-
istered quantities of CO gas are added to the cultures. At
different points, the cultures are harvested or samples
removed. Alternatively, cells are harvested with an integrated
continuous flow centrifuge that is part of the fermenter.

The fermentative processes are carried out under anaerobic
conditions. In some cases, it is uneconomical to pump oxygen
or air into fermenters to ensure adequate oxygen saturation to
provide a respiratory environment. In addition, the reducing
power generated during anaerobic fermentation may be
needed in product formation rather than respiration. Further-
more, many of the enzymes for various pathways are oxygen-
sensitive to varying degrees. Classic acetogens such as M.
thermoacetica are obligate anaerobes and the enzymes in the
Wood-L jungdahl pathway are highly sensitive to irreversible
inactivation by molecular oxygen. While there are oxygen-
tolerant acetogens, the repertoire of enzymes in the Wood-
Ljungdahl pathway might be incompatible in the presence of
oxygen because most are metallo-enzymes, key components
are ferredoxins, and regulation can divert metabolism away
from the Wood-Ljungdahl pathway to maximize energy
acquisition. At the same time, cells in culture act as oxygen
scavengers that moderate the need for extreme measures in
the presence of large cell growth.

C. Anaerobic Chamber and Conditions. Exemplary
anaerobic chambers are available commercially (see, for
example, Vacuum Atmospheres Company, Hawthorne Calif';
MBraun, Newburyport Mass.). Conditions included an O,
concentration of 1 ppm or less and 1 atm pure N,. In one
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example, 3 oxygen scrubbers/catalyst regenerators were
used, and the chamber included an O, electrode (such as
Teledyne; City of Industry Calif.). Nearly all items and
reagents were cycled four times in the airlock of the chamber
prior to opening the inner chamber door. Reagents with a
volume >5 mL were sparged with pure N, prior to introduc-
tion into the chamber. Gloves are changed twice/yr and the
catalyst containers were regenerated periodically when the
chamber displays increasingly sluggish response to changes
in oxygen levels. The chamber’s pressure was controlled
through one-way valves activated by solenoids. This feature
allowed setting the chamber pressure at a level higher than the
surroundings to allow transfer of very small tubes through the
purge valve.

The anaerobic chambers achieved levels of O, that were
consistently very low and were needed for highly oxygen
sensitive anaerobic conditions. However, growth and han-
dling of cells does not usually require such precautions. In an
alternative anaerobic chamber configuration, platinum or pal-
ladium can be used as a catalyst that requires some hydrogen
gas in the mix. Instead of using solenoid valves, pressure
release can be controlled by abubbler. Instead of using instru-
ment-based O, monitoring, test strips can be used instead.

D. Anaerobic Microbiology. Small cultures were handled
as described above for CO handling. In particular, serum or
media bottles are fitted with thick rubber stoppers and alumi-
num crimps are employed to seal the bottle. Medium, such as
Terrific Broth, is made in a conventional manner and dis-
pensed to an appropriately sized serum bottle. The bottles are
sparged with nitrogen for ~30 min of moderate bubbling. This
removes most of the oxygen from the medium and, after this
step, each bottle is capped with a rubber stopper (such as
Bellco 20 mm septum stoppers; Bellco, Vineland, N.J.) and
crimp-sealed (Bellco 20 mm). Then the bottles of medium are
autoclaved using a slow (liquid) exhaust cycle. At least some-
times a needle can be poked through the stopper to provide
exhaust during autoclaving; the needle needs to be removed
immediately upon removal from the autoclave. The sterile
medium has the remaining medium components, for example
buffer or antibiotics, added via syringe and needle. Prior to
addition of reducing agents, the bottles are equilibrated for
30-60 minutes with nitrogen (or CO depending upon use). A
reducing agent such as a 100x150 mM sodium sulfide, 200
mM cysteine-HCI is added. This is made by weighing the
sodium sulfide into a dry beaker and the cysteine into a serum
bottle, bringing both into the anaerobic chamber, dissolving
the sodium sulfide into anaerobic water, then adding this to
the cysteine in the serum bottle. The bottle is stoppered imme-
diately as the sodium sulfide solution generates hydrogen
sulfide gas upon contact with the cysteine. When injecting
into the culture, a syringe filter is used to sterilize the solution.
Other components are added through syringe needles, such as
B12 (10 uM cyanocobalamin), nickel chloride (NiCl,, 20
microM final concentration from a 40 mM stock made in
anaerobic water in the chamber and sterilized by autoclaving
or by using a syringe filter upon injection into the culture),
and ferrous ammonium sulfate (final concentration needed is
100 pM-made as 100-1000x stock solution in anaerobic
water in the chamber and sterilized by autoclaving or by using
a syringe filter upon injection into the culture). To facilitate
faster growth under anaerobic conditions, the 1 liter bottles
were inoculated with 50 mL of a preculture grown anaerobi-
cally. Induction of the pA1-lacO1 promoter in the vectors was
performed by addition of isopropyl -D-1-thiogalactopyra-
noside (IPTG) to a final concentration of 0.2 mM and was
carried out for about 3 hrs.
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Large cultures can be grown in larger bottles using con-
tinuous gas addition while bubbling. A rubber stopper with a
metal bubbler is placed in the bottle after medium addition
and sparged with nitrogen for 30 minutes or more prior to
setting up the rest of the bottle. Each bottle is put together
such that a sterile filter will sterilize the gas bubbled in and the
hoses on the bottles are compressible with small C clamps.
Medium and cells are stirred with magnetic stir bars. Once all
medium components and cells are added, the bottles are incu-
bated in an incubator in room air but with continuous nitrogen
sparging into the bottles.

EXAMPLE IV
CO Oxidation (CODH) Assay

This example describes assay methods for measuring CO
oxidation (CO dehydrogenase; CODH).

The 7 gene CODH/ACS operon of Moorella thermoace-
tica was cloned into E. coli expression vectors. The intact ~10
kbp DNA fragment was cloned, and it is likely that some of
the genes in this region are expressed from their own endog-
enous promoters and all contain endogenous ribosomal bind-
ing sites. These clones were assayed for CO oxidation, using
an assay that quantitatively measures CODH activity. Antis-
erato the M. thermoacetica gene products was used for West-
ern blots to estimate specific activity. M. thermoacetica is
Gram positive, and ribosome binding site elements are
expected to work well in E. coli. This activity, described
below in more detail, was estimated to be ~V4oth of the M.
thermoacetica specific activity. It is possible that CODH
activity of recombinant E. coli cells could be limited by the
fact that M. thermoacetica enzymes have temperature optima
around 55° C. Therefore, a mesophilic CODH/ACS pathway
could be advantageous such as the close relative of Moorella
that is mesophilic and does have an apparently intact CODH/
ACS operon and a Wood-Ljungdahl pathway, Desulfitobac-
terium hafniense. Acetogens as potential host organisms
include, but are not limited to, Rhodospirillum rubrum,
Moorella thermoacetica and Desulfitobacterium hafniense.

CO oxidation is both the most sensitive and most robust of
the CODH/ACS assays. It is likely that an E. coli-based
syngas using system will ultimately need to be about as
anaerobic as Clostridial (i.e., Moorella) systems, especially
for maximal activity. Improvement in CODH should be pos-
sible but will ultimately be limited by the solubility of CO gas
in water.

Initially, each of the genes was cloned individually into
expression vectors. Combined expression units for multiple
subunits/1 complex were generated. Expression in £. coli at
the protein level was determined. Both combined M. ther-
moacetica CODH/ACS operons and individual expression
clones were made.

CO oxidation assay. This assay is one of the simpler, reli-
able, and more versatile assays of enzymatic activities within
the Wood-Ljungdahl pathway and tests CODH (Seravalli et
al., Biochemistry 43:3944-3955 (2004)). A typical activity of
M. thermoacetica CODH specific activity is 500 U at 55° C.
or ~60 U at 25° C. This assay employs reduction of methyl
viologen in the presence of CO. This is measured at 578 nm in
stoppered, anaerobic, glass cuvettes.

In more detail, glass rubber stoppered cuvettes were pre-
pared after first washing the cuvette four times in deionized
water and one time with acetone. A small amount of vacuum
grease was smeared on the top of the rubber gasket. The
cuvette was gassed with CO, dried 10 min with a 22 Ga.
needle plus an exhaust needle. A volume of 0.98 mL of
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reaction bufter (50 mM Hepes, pH 8.5, 2 mM dithiothreitol
(DTT) was added using a 22 Ga. needle, with exhaust
needled, and 100% CO. Methyl viologen (CH; viologen)
stock was 1 M in water. Each assay used 20 microliters for 20
mM final concentration. When methyl viologen was added,
an 18 Ga needle (partial) was used as a jacket to facilitate use
of a Hamilton syringe to withdraw the CH; viologen. 4-5
aliquots were drawn up and discarded to wash and gas equili-
brate the syringe. A small amount of sodium dithionite (0.1 M
stock) was added when making up the CH; viologen stock to
slightly reduce the CH, viologen. The temperature was
equilibrated to 55° C. in a heated Olis spectrophotometer
(Bogart Ga.). A blank reaction (CH; viologen+buffer) was
run first to measure the base rate of CH, viologen reduction.
Crude E. coli cell extracts of ACS90 and ACS91 (CODH-
ACS operon of M. thermoacetica with and without, respec-
tively, the first cooC). 10 microliters of extract were added at
a time, mixed and assayed. Reduced CH; viologen turns
purple. The results of an assay are shown in Table I.

TABLE I

Crude extract CO Oxidation Activities.

ACS90 7.7 mg/ml ACS91 11.8 mg/ml
Mta98 9.8 mg/ml Mta99 11.2 mg/ml
Extract Vol oD/ U/ml U/mg
ACS90 10 microliters 0.073 0.376 0.049
ACS91 10 microliters 0.096 0.494 0.042
Mta99 10 microliters 0.0031 0.016 0.0014
ACS90 10 microliters 0.099 0.51 0.066
Mta99 25 microliters 0.012 0.025 0.0022
ACS91 25 microliters 0.215 0.443 0.037
Mta98 25 microliters 0.019 0.039 0.004
ACS91 10 microliters 0.129 0.66 0.056
Averages

ACS90 0.057 U/mg
ACS91 0.045 U/mg
Mta99 0.0018 U/mg

Mta98/Mta99 are E. coli MG1655 strains that express
methanol methyltransferase genes from M. thermoacetia and,
therefore, are negative controls for the ACS90 ACS91 E. coli
strains that contain M. thermoacetica CODH operons.

It ~1% of the cellular protein is CODH, then these figures
would be approximately 100x less than the 500 U/mg activity
of pure M. thermoacetica CODH. Actual estimates based on
Western blots are 0.5% of the cellular protein, so the activity
is about 50x less than for M. thermoacetica CODH. Never-
theless, this experiment demonstrates CO oxidation activity
in recombinant E. coli with a much smaller amount in the
negative controls. The small amount of CO oxidation (CHj,
viologen reduction) seen in the negative controls indicates
that . coli may have a limited ability to reduce CH; viologen.

To estimate the final concentrations of CODH and Mtr
proteins, SDS-PAGE followed by Western blot analyses were
performed on the same cell extracts used in the CO oxidation,
ACS, methyltransferase, and corrinoid Fe—S assays. The
antisera used were polyclonal to purified M. thermoacetica
CODH-ACS and Mtr proteins and were visualized using an
alkaline phosphatase-linked goat-anti-rabbit secondary anti-
body. The Westerns were performed and results are shown in
FIG. 9. The amounts of CODH in ACS90 and ACS91 were
estimated at 50 ng by comparison to the control lanes. Expres-
sion of CODH-ACS operon genes including 2 CODH sub-
units and the methyltransferase were confirmed via Western
blot analysis. Therefore, the recombinant E. coli cells express
multiple components of a 7 gene operon. In addition, both the

10

15

20

25

30

35

40

45

50

55

60

136

methyltransferase and corrinoid iron sulfur protein were
active in the same recombinant £. coli cells. These proteins
are part of the same operon cloned into the same cells.

The CO oxidation assays were repeated using extracts of
Moorella thermoacetica cells for the positive controls.
Though CODH activity in E. coli ACS90 and ACS91 was
measurable, it was at about 130-150x lower than the M.
thermoacetica control. The results of the assay are shown in
FIG. 10. Briefly, cells (M. thermoacetica or E. coli with the
CODH/ACS operon; ACS90 or ACS91 or empty vector:
pZA33S) were grown and extracts prepared as described
herein. Assays were performed as described above at 55° C. at
various times on the day the extracts were prepared. Reduc-
tion of methylviologen was followed at 578 nm overa 120 sec
time course.

These results describe the CO oxidation (CODH) assay
and results. Recombinant E. coli cells expressed CO oxida-
tion activity as measured by the methyl viologen reduction
assay.

EXAMPLE V

E. coli CO Tolerance Experiment and CO
Concentration Assay (Myoglobin Assay)

This example describes the tolerance of E. coli for high
concentrations of CO.

To test whether or not E. coli can grow anaerobically in the
presence of saturating amounts of CO, cultures were set up in
120 ml serum bottles with 50 ml of Terrific Broth medium
(plus reducing solution, NiCl,, Fe(II)NH,SO,, cyanocobal-
amin, IPTG, and chloramphenicol) as described above for
anaerobic microbiology in small volumes. One half of these
bottles were equilibrated with nitrogen gas for 30 min. and
one half was equilibrated with CO gas for 30 min. An empty
vector (pZ.A33) was used as a control, and cultures containing
the pZA33 empty vector as well as both ACS90 and ACS91
were tested with both N, and CO. All were inoculated and
grown for 36 hrs with shaking (250 rpm) at 37° C. At the end
of'the 36 hour period, examination of the flasks showed high
amounts of growth in all. The bulk of the observed growth
occurred overnight with a long lag.

Given that all cultures appeared to grow well in the pres-
ence of CO, the final CO concentrations were confirmed. This
was performed using an assay of the spectral shift of myo-
globin upon exposure to CO. Myoglobin reduced with
sodium dithionite has an absorbance peak at 435 nm; this
peak is shifted to 423 nm with CO. Due to the low wavelength
and need to record a whole spectrum from 300 nm on
upwards, quartz cuvettes must be used. CO concentration is
measured against a standard curve and depends upon the
Henry’s Law constant for CO of maximum water solubil-
ity=970 micromolar at 20° C. and 1 atm.

For the myoglobin test of CO concentration, cuvettes were
washed 10x with water, 1x with acetone, and then stoppered
as with the CODH assay. N, was blown into the cuvettes for
~10 min. A volume of 1 ml of anaerobic buffer (HEPES, pH
8.0,2mM DTT) was added to the blank (not equilibrated with
CO) with a Hamilton syringe. A volume of 10 microliter
myoglobin (~1 mM—can be varied, just need a fairly large
amount) and 1 microliter dithionite (20 mM stock) were
added. A CO standard curve was made using CO saturated
buffer added at 1 microliter increments. Peak height and shift
was recorded for each increment. The cultures tested were
pZA33/CO, ACS90/CO, and ACS91/CO. Each of these was
added in 1 microliter increments to the same cuvette. Midway
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through the experiment a second cuvette was set up and used.
The results are shown in Table II.

TABLE I

Carbon Monoxide Concentrations, 36 hrs.

Strain and Growth Conditions Final CO concentration (micromolar)

930
638
494
734
883
687
164
728
812
760
611
728

85

PZA33-CO
ACS90-CO

ave
SD
ACS91-CO

ave.

SD

The results shown in Table II indicate that the cultures grew
whether or not a strain was cultured in the presence of CO or
not. These results indicate that E. coli can tolerate exposure to
CO under anaerobic conditions and that E. coli cells express-
ing the CODH-ACS operon can metabolize some of the CO.

These results demonstrate that E. coli cells, whether
expressing CODH/ACS or not, were able to grow in the
presence of saturating amounts of CO. Furthermore, these
grew equally well as the controls in nitrogen in place of CO.
This experiment demonstrated that laboratory strains of E.
coli are insensitive to CO at the levels achievable in a syngas
project performed at normal atmospheric pressure. In addi-
tion, preliminary experiments indicated that the recombinant
E. coli cells expressing CODH/ACS actually consumed some
CO, probably by oxidation to carbon dioxide.

EXAMPLE VI
Exemplary Carboxylic Acid Reductases

This example describes the use of carboxylic acid reduc-
tases to carry out the conversion of a caroboxylic acid to an
aldehyde.

1.2.1.e Acid Reductase. The conversion of unactivated
acids to aldehydes can be carried out by an acid reductase.
Examples of such conversions include, but are not limited, the
conversion of 4-hydroxybutyrate, succinate, alpha-ketoglut-
arate, and 4-aminobutyrate to 4-hydroxybutanal, succinate
semialdehyde, 2,5-dioxopentanoate, and 4-aminobutanal,
respectively. One notable carboxylic acid reductase can be
found in Nocardia iowensis which catalyzes the magnesium,
ATP and NADPH-dependent reduction of carboxylic acids to
their corresponding aldehydes (Venkitasubramanian et al., J.
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Biol. Chem. 282:478-485 (2007)). This enzyme is encoded by
the car gene and was cloned and functionally expressed in .
coli (Venkitasubramanian et al., J. Biol. Chem. 282:478-485
(2007)). Expression of the npt gene product improved activity
of the enzyme via post-transcriptional modification. The npt
gene encodes a specific phosphopantetheine transferase
(PPTase) that converts the inactive apo-enzyme to the active
holo-enzyme. The natural substrate of this enzyme is vanillic
acid, and the enzyme exhibits broad acceptance of aromatic
and aliphatic substrates (Venkitasubramanian et al., in Bio-
catalysis in the Pharmaceutical and Biotechnology
Industires, ed. R. N. Patel, Chapter 15, pp. 425-440, CRC
Press LL.C, Boca Raton, Fla. (2006)).

Gene Accession No.  GINo. Organism
car AAR91681.1 40796035 Nocardia iowensis (sp. NRRL
5646)
npt ABIR3656.1 114848891 Nocardia iowensis (sp. NRRL
5646)
Additional car and npt genes can be identified based on

sequence homology.

Gene Accession No. GI No. Organism

fadD9 YP_978699.1 121638475  Mycobacterium bovis
BCG

BCG_2812¢ YP__978898.1 121638674  Mycobacterium bovis
BCG

nfa20150 YP_118225.1 54023983 Nocardia farcinica
IFM 10152

nfa40540 YP_120266.1 54026024 Nocardia farcinica
IFM 10152

SGR__6790 YP_001828302.1 182440583  Streptomyces griseus
subsp. griseus NBRC
13350

SGR__665 YP_001822177.1 182434458  Streptomyces griseus
subsp. griseus NBRC
13350

An additional enzyme candidate found in Streptomyces
griseus is encoded by the griC and griD genes. This enzyme
is believed to convert 3-amino-4-hydroxybenzoic acid to
3-amino-4-hydroxybenzaldehyde as deletion of either griC or
griD led to accumulation of extracellular 3-acetylamino-4-
hydroxybenzoic acid, a shunt product of 3-amino-4-hydroxy-
benzoic acid metabolism (Suzuki, et al., J. Antibiot. 60(6):
380-387 (2007)). Co-expression of griC and griD with SGR__
665, an enzyme similar in sequence to the Nocardia iowensis
npt, can be beneficial.

Gene

Accession No. GI No. Organism

griC

griD

MSMEG_ 2956

MSMEG_5739

MSMEG_ 2648

MAP1040c

182438036 YP_001825755.1 Streptomyces griseus
subsp. griseus NBRC
13350

182438037 YP_001825756.1 Streptomyces griseus
subsp. griseus NBRC
13350

YP_887275.1 YP_887275.1 Mycobacterium
smegmatis MC2 155

YP__889972.1 118469671 Mycobacterium
smegmatis MC2 155

YP__886985.1 118471293 Mycobacterium
smegmatis MC2 155

NP_959974.1 41407138 Mycobacterium avium

subsp. paratuberculosis K-10
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-continued

Gene Accession No. GI No. Organism
MAP2899¢ NP_961833.1 41408997 Mycobacterium avium

subsp. paratuberculosis K-10
MMAR_ 2117 YP_001850422.1 183982131 Mycobacterium marinum M
MMAR__ 2936 YP_001851230.1 183982939 Mycobacterium marinum M
MMAR_ 1916 YP_001850220.1 183981929 Mycobacterium marinum M
TpauDRAFT__33060 ZP_04027864.1 227980601 Tsukamurella paurometabola

DSM 20162
TpauDRAFT_ 20920 ZP_04026660.1 227979396 Tsukamurella paurometabola

DSM 20162
CPCC7001_1320 ZP_05045132.1 254431429 Cyanobium PCC7001
DDBDRAFT_0187729 XP_636931.1 66806417 Dictyostelium discoideum

AX4

An enzyme with similar characteristics, alpha-aminoadi-
pate reductase (AAR, EC 1.2.1.31), participates in lysine
biosynthesis pathways in some fungal species. This enzyme
naturally reduces alpha-aminoadipate to alpha-aminoadipate
semialdehyde. The carboxyl group is first activated through
the ATP-dependent formation of an adenylate that is then
reduced by NAD(P)H to yield the aldehyde and AMP. Like
CAR, this enzyme utilizes magnesium and requires activation
by a PPTase. Enzyme candidates for AAR and its correspond-
ing PPTase are found in Saccharomyces cerevisiae (Morris et
al., Gene 98:141-145 (1991)), Candida albicans (Guo et al.,
Mol. Genet. Genomics 269:271-279 (2003)), and Schizosac-
charomyces pombe (Ford et al., Curr Genet. 28:131-137
(1995)). The AAR from S. pombe exhibited significant activ-
ity when expressed in E. coli (Guo et al., Yeast 21:1279-1288
(2004)). The AAR from Penicillium chrysogenum accepts
S-carboxymethyl-L-cysteine as an alternate substrate, but did
not react with adipate, L-glutamate or diaminopimelate (Hi-
jarrubia et al., J. Biol. Chem. 278:8250-8256 (2003)). The
gene encoding the P. chrysogenum PPTase has not been iden-
tified to date.

Gene Accession No.  GI No. Organism

LYS2 AAA34747.1 171867 Saccharomyces cerevisiae
LYS5 P50113.1 1708896 Saccharomyces cerevisiae
LYS2 AAC02241.1 2853226 Candida albicans

LYSS AAO026020.1 28136195 Candida albicans

Lyslp P40976.3 13124791 Schizosaccharomyces pombe
Lys7p Q10474.1 1723561 Schizosaccharomyces pombe
Lys2 CAA74300.1 3282044 Penicillium chrysogenum

Cloning and Expression of Carboxylic Acid Reductase.
Escherichia coli is used as a target organism to engineer the
pathway for butadiene or crotyl alcohol. E. coli provides a
good host for generating a non-naturally occurring microor-
ganism capable of producing butadiene or crotyl alcohol. E.
coli is amenable to genetic manipulation and is known to be
capable of producing various intermediates and products
effectively under various oxygenation conditions.

To generate a microbial organism strain such as an E. coli
strain engineered to produce butadiene or crotyl alcohol,
nucleic acids encoding a carboxylic acid reductase and phos-
phopantetheine transferase are expressed in E. coli using well
known molecular biology techniques (see, for example, Sam-
brook, supra, 2001; Ausubel supra, 1999). In particular, car
genes from Nocardia iowensis (designated 720), Mycobacte-
rium smegmatis mc(2)155 (designated 890), Mycobacterium
avium subspecies paratuberculosis K-10 (designated 891)
and Mycobacterium marinum M (designated 892) were
cloned into pZS*13 vectors (Expressys, Ruelzheim, Ger-
many) under control of PAl/lacO promoters. The npt
(ABI83656.1) gene (i.e., 721) was cloned into the pKJL33S
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vector, a derivative of the original mini-F plasmid vector
PML31 under control of promoters and ribosomal binding
sites similar to those used in pZS*13.

The car gene (GNM__720) was cloned by PCR from
Nocardia genomic DNA. Its nucleic acid and protein
sequences are shown in FIGS. 12A and 12B, respectively. A
codon-optimized version of the npt gene (GNM__721) was
synthesized by GeneArt (Regensburg, Germany). Its nucleic
acid and protein sequences are shown in FIGS. 13A and 13B,
respectively. The nucleic acid and protein sequences for the
Mycobacterium smegmatis mc(2)155 (designated 890),
Mycobacterium avium subspecies paratuberculosis K-10
(designated 891) and Mycobacterium marinum M (desig-
nated 892) genes and enzymes can be found in FIGS. 14, 15,
and 16, respectively. The plasmids are transformed into a host
cell to express the proteins and enzymes required for butadi-
ene or crotyl alcohol production or intermediates thereof.

Additional CAR variants were generated. A codon opti-
mized version of CAR 891 was generated and designated 891
GA. The nucleic acid and amino acid sequences of CAR
891GA are shown in FIGS. 17A and 17B, respectively. Over
2000 CAR variants were generated. In particular, all 20 amino
acid combinations were made at positions V295, M296,
G297,G391,G421,D413,G414,Y415,G416,and S417, and
additional variants were tested as well. Exemplary CAR vari-
ants include: E16K; Q95L; L100M; A1011T; K823E; T941S;
H15Q; DI98E; G446C; S392N; F699L; V883I; F467S;
T987S; R12H; V295G; V295A; V295S; V295T; V295G;
V295V, V295L; V2951, V295M; V295P; V295F; V295Y,
V295W; V295D; V295E; V295N; V295Q; V295H; V295K,
V295R; M296G; M296 A; M296S; M296T; M296C; M296V,
M296L; M2961; M296M; M296P; M296F; M296Y,
M296W; M296D; M296E; M296N; M296Q; M296H,;
M296K; M296R; G297G; G297A; G297S; G297T; G297C;
G297V, G297L; G2971; G297M; G297P; G297F; G297Y,
G297W; G297D; G297E; G297N; G297Q; G297H; G297K;
G297R; G391G; G391A; G391S; G391T; G391C; G391V;
G391L; G3911; G391M; G391P; G391F,; G391Y; G391W;,
G391D; G391E; G391N; G391Q; G391H; G391K; G391R;
G421G; G421A; G4218; G421T, G421C; G421V; G421L,;
G4211 G421M; G421P; G421F; G421Y, G421W, G421D;
G421E; G421N; G421Q; G421H; G421K; G421R; D413G;
D413A; D413S; D413T; D413C; D413V, D413L; D413];
D413M; D413P; D413F; D413Y; D413W; D413D; D413E;
D413N; D413Q; D413H; D413K; D413R; G414G; G414 A,
G414S; G414T, G414C, G414V, G414L; G4141; G414M;
G414P; G414F; G414Y, G414W,; G414D; G414E; G414N,
G414Q; G414H; G414K; G414R; Y415G; Y415A;Y415S;
Y415T; Y415C; Y415V, Y415L; Y4151; Y415M; Y415P,
Y415F; Y415Y, Y415W; Y415D; Y415E; Y415N; Y415Q;
Y415H; Y415K; Y415R; G416G; G416A; G416S; G416T,
G416C; G416V, G416L; G4161; G416M; G416P; G416F,
G416Y; G416W; G416D; G416E; G416N; G416Q; G416H,;
G416K; G416R; S417G; S417A; S417S; S417T; S417C;
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S417V S417L; S4171; S417M; S417P; S417F; S417Y,
S417W;S417D; S417E; S417N; S417Q; S417H; S417K; and
S417R.

The CAR variants were screened for activity, and numer-
ous CAR variants were found to exhibit CAR activity.

This example describes the use of CAR for converting
carboxylic acids to aldehydes.

Throughout this application various publications have
been referenced. The disclosures of these publications in their

142
entireties, including GenBank and GI number publications,
are hereby incorporated by reference in this application in
order to more fully describe the state of the art to which this
invention pertains. Although the invention has been described
with reference to the examples provided above, it should be
understood that various modifications can be made without

departing from the spirit of the invention.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 12

<210> SEQ ID NO 1

<211> LENGTH: 3525

<212> TYPE: DNA

<213> ORGANISM: Nocardia iowensis

<400> SEQUENCE: 1

atggcagtgyg attcaccgga tgagcggceta cagegecgca ttgcacagtt gtttgcagaa 60

gatgagcagg tcaaggccgce acgtcegete gaageggtga gegeggeggt gagegegecce 120

ggtatgcgge tggcgcagat cgccgecact gttatggegg gttacgeega ccgeccggec 180
geegggcage gtgcegttega actgaacacce gacgacgega cgggecgeac ctegetgegg 240
ttacttccece gattecgagac catcacctat cgegaactgt ggcagegagt cggcegaggtt 300
geegeggect ggcatcatga tcccgagaac cecttgegeg caggtgattt cgtegecctg 360
cteggettea ccageatcga ctacgecace ctegacctgg cegatatcca ccteggegeg 420
gttaccgtge cgttgcagge cagegeggeyg gtgtcccage tgatcgetat cctcaccgag 480
acttegeege ggetgetege ctegaccecg gagcaccteg atgeggeggt cgagtgecta 540
ctegegggea ccacaccgga acgactggtyg gtettcecgact accaccccega ggacgacgac 600
cagegtgegyg ccttegaate cgeccgeege cgecttgeeg acgegggeag cttggtgate 660
gtcgaaacge tcgatgeegt gegtgecegyg ggecgegact taccggeege gecactgtte 720
gttccegaca ccgacgacga cccgetggeco ctgetgatet acaccteegg cagcaccgga 780
acgccgaagyg gegegatgta caccaategg ttggecgeca cgatgtggca ggggaactceg 840
atgctgecagyg ggaactegea acgggteggg atcaatctca actacatgec gatgagccac 900
atcgeeggte geatateget gtteggegtyg ctegetegeg gtggcacege atacttegeg 960

gccaagagcg acatgtcgac actgttcgaa gacatcggct tggtacgtcce caccgagatce 1020

ttecttegtee cgcecgegtgtyg cgacatggte ttcecageget atcagagcega getggaccgg 1080

cgeteggtgyg cgggegecga cetggacacyg ctegateggg aagtgaaage cgaccteegg 1140

cagaactacc tcggtgggcg cttectggtg geggtegtceg gcagegcgece getggccgceg 1200

gagatgaaga cgttcatgga gtccgtecctce gatctgecac tgcacgacgg gtacgggtceg 1260

accgaggegyg gegcaagegt getgetcgac aaccagatcece ageggecgece ggtgcetcegat 1320

tacaagctcg tcgacgtgcce cgaactgggt tacttccgca ccgaccggcec gcatccgege 1380

ggtgagctgt tgttgaaggc ggagaccacg attccgggct actacaagcg gceccgaggtce 1440

accgcggaga tcttcgacga ggacggcttce tacaagaccg gcgatatcegt ggccgagcte 1500

gagcacgatc ggctggtcta tgtcgaccgt cgcaacaatg tgctcaaact gtcegcaggge 1560

gagttcgtga ccgtcgccca tetcgaggcece gtgttcecgeca gcagcececget gatccggcag 1620

atcttcatct acggcagcag cgaacgttcecce tatctgctcg cggtgategt ccccaccgac 1680

gacgcgetge geggcecgega caccgecacce ttgaaategg cactggecga atcgattcag 1740
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-continued
cgcatcgecca aggacgcgaa cctgcagcecce tacgagattce cgcgcgattt cctgatcgag 1800
accgagccegt tcaccatcge caacggactg ctetcceggea tegegaaget getgegecce 1860
aatctgaagg aacgctacgg cgctcagetg gagcagatgt acaccgatct cgcgacagge 1920
caggccgatg agctgetege cctgcgecge gaagecgecyg acctgcceggt gcetcgaaace 1980
gtecageeggyg cagcgaaage gatgetcgge gtegectceeg cegatatgeg teccgacgeg 2040
cacttcaccg acctgggegg cgattcecctt tcecegegetgt cgttctcgaa cctgetgeac 2100
gagatctteg gggtcgaggt gceggtgggt gtcecgtegtca geccggcgaa cgagctgege 2160
gatctggcega attacattga ggcggaacgc aactcgggceg cgaagcgtcec caccttcacce 2220
tcggtgcacg geggeggtte cgagatccge gccgccgatce tgaccctcga caagttcatce 2280
gatgccegea cectggecge cgccgacage attcecgeacyg cgecggtgec agegcagacyg 2340
gtgctgctga ccggecgcgaa cggctaccte ggccggttece tgtgectgga atggctggag 2400
cggctggaca agacgggtgg cacgctgate tgegtegtge geggtagtga cgcggecgeg 2460
geeegtaaac ggetggacte ggegttcgac ageggegatce ceggectget cgagcactac 2520
cagcaactgg ccgcacggac cctggaagte ctegeceggtyg atatcggega cccgaatcte 2580
ggtctggacg acgcgacttg gcagcggttg gccgaaaccyg tcgacctgat cgtceccatcecce 2640
gccgegttgg tcaaccacgt ccttecectac acccagetgt teggcecccaa tgtegtegge 2700
accgecgaaa tcegteeggtt ggcgatcacg gegeggegea agecggtcac ctacctgteg 2760
accgteggag tggecgacca ggtcgacceg geggagtate aggaggacag cgacgtccge 2820
gagatgageyg cggtgcgegt cgtgegegag agttacgceca acggctacgg caacagcaag 2880
tgggcggggg aggtcctgcet gegcgaagca cacgatcetgt gtggecttgece ggtecgeggtg 2940
ttecegttegg acatgatcct ggcgcacagce cggtacgegg gtcagctcaa cgtccaggac 3000
gtgttcacce ggctgatcct cagectggtce geccaccggca tcegcecgcecgta ctegttcectac 3060
cgaaccgacg cggacggcaa ccggcagegg geccactatyg acggettgece ggeggactte 3120
acggeggegg cgatcaccge getceggeate caagccacceyg aaggcttecyg gacctacgac 3180
gtgctcaatc cgtacgacga tggcatctcc ctcgatgaat tcegtcgactg gctegtcegaa 3240
tceggecace cgatccageg catcaccgac tacagcgact ggttceccaccg tttcecgagacg 3300
gegatcegeyg cgetgccgga aaagcaacgce caggcectegg tgctgeegtt getggacgece 3360
taccgcaace cctgeccgge ggtccgegge gegatactee cggcecaagga gttccaageg 3420
gcggtgcaaa cagccaaaat cggtccggaa caggacatce cgcatttgtce cgegecactg 3480
atcgataagt acgtcagcga tctggaactg cttcagetge tctaa 3525

<210> SEQ ID NO 2
<211> LENGTH: 1174

<212> TYPE:

PRT

<213> ORGANISM: Nocardia iowensis

<400> SEQUENCE: 2

Met Ala Val Asp Ser

1

Leu Phe Ala Glu Asp

Val Ser Ala Ala Val

35

Ala Thr Val Met Ala

5

20

Pro Asp Glu

Glu Gln Val

Ser Ala Pro

40

Gly Tyr Ala

Arg Leu Gln
10

Lys Ala Ala
25

Gly Met Arg

Asp Arg Pro

Arg Arg Ile Ala Gln

15

Arg Pro Leu Glu Ala

30

Leu Ala Gln Ile Ala

45

Ala Ala Gly Gln Arg
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Ala
65

Leu

Arg

Ala

Leu

145

Thr

Asp

Arg

Asp

225

Gly

Ala

Ile

305

Ala

Pro

Arg

Asp

Gly

385

Glu

Gly

Ile

Leu

Leu
465

50

Phe

Leu

Gly

Ala

Thr

130

Gln

Ser

Glu

Tyr

Arg

210

Ala

Pro

Ser

Thr

Gly

290

Ser

Lys

Thr

Tyr

Thr

370

Gly

Met

Tyr

Gln

Gly
450

Lys

Glu

Pro

Glu

Gly

115

Leu

Ala

Pro

Cys

His

195

Arg

Val

Asp

Thr

Met

275

Ile

Leu

Ser

Glu

Gln

355

Leu

Arg

Lys

Gly

Arg

435

Tyr

Ala

Leu

Arg

Val

100

Asp

Asp

Ser

Arg

Leu

180

Pro

Leu

Arg

Thr

Gly

260

Trp

Asn

Phe

Asp

Ile

340

Ser

Asp

Phe

Thr

Ser
420
Pro

Phe

Glu

Asn

Phe

85

Ala

Phe

Leu

Ala

Leu

165

Leu

Glu

Ala

Ala

Asp

245

Thr

Gln

Leu

Gly

Met

325

Phe

Glu

Arg

Leu

Phe

405

Thr

Pro

Arg

Thr

Thr

70

Glu

Ala

Val

Ala

Ala

150

Leu

Ala

Asp

Asp

Arg

230

Asp

Pro

Gly

Asn

Val

310

Ser

Phe

Leu

Glu

Val

390

Met

Glu

Val

Thr

Thr
470

55

Asp

Thr

Ala

Ala

Asp

135

Val

Ala

Gly

Asp

Ala

215

Gly

Asp

Lys

Asn

Tyr

295

Leu

Thr

Val

Asp

Val

375

Ala

Glu

Ala

Leu

Asp
455

Ile

Asp

Ile

Trp

Leu

120

Ile

Ser

Ser

Thr

Asp

200

Gly

Arg

Pro

Gly

Ser

280

Met

Ala

Leu

Pro

Arg

360

Lys

Val

Ser

Gly

Asp

440

Arg

Pro

Ala

Thr

His

105

Leu

His

Gln

Thr

Thr

185

Gln

Ser

Asp

Leu

Ala

265

Met

Pro

Arg

Phe

Arg

345

Arg

Ala

Val

Val

Ala
425
Tyr

Pro

Gly

Thr

Tyr

90

His

Gly

Leu

Leu

Pro

170

Pro

Arg

Leu

Leu

Ala

250

Met

Leu

Met

Gly

Glu

330

Val

Ser

Asp

Gly

Leu

410

Ser

Lys

His

Tyr

Gly

75

Arg

Asp

Phe

Gly

Ile

155

Glu

Glu

Ala

Val

Pro

235

Leu

Tyr

Gln

Ser

Gly

315

Asp

Cys

Val

Leu

Ser

395

Asp

Val

Leu

Pro

Tyr
475

60

Arg

Glu

Pro

Thr

Ala

140

Ala

His

Arg

Ala

Ile

220

Ala

Leu

Thr

Gly

His

300

Thr

Ile

Asp

Ala

Arg

380

Ala

Leu

Leu

Val

Arg
460

Lys

Thr

Leu

Glu

Ser

125

Val

Ile

Leu

Leu

Phe

205

Val

Ala

Ile

Asn

Asn

285

Ile

Ala

Gly

Met

Gly

365

Gln

Pro

Pro

Leu

Asp
445

Gly

Arg

Ser

Trp

Asn

110

Ile

Thr

Leu

Asp

Val

190

Glu

Glu

Pro

Tyr

Arg

270

Ser

Ala

Tyr

Leu

Val

350

Ala

Asn

Leu

Leu

Asp

430

Val

Glu

Pro

Leu

Gln

95

Pro

Asp

Val

Thr

Ala

175

Val

Ser

Thr

Leu

Thr

255

Leu

Gln

Gly

Phe

Val

335

Phe

Asp

Tyr

Ala

His

415

Asn

Pro

Leu

Glu

Arg

80

Arg

Leu

Tyr

Pro

Glu

160

Ala

Phe

Ala

Leu

Phe

240

Ser

Ala

Arg

Arg

Ala

320

Arg

Gln

Leu

Leu

Ala

400

Asp

Gln

Glu

Leu

Val
480
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148

Thr

Asn

Glu

Gly

545

Asp

Glu

Ile

Gly

Arg

625

Gln

Ser

Ser

705

Asp

Pro

Asp

Asp

Gly

785

Arg

Asp

Asp

Glu

Ala
865

Ala

Ala

Ala

Val

Ala

530

Ser

Ala

Ser

Pro

Leu

610

Tyr

Ala

Leu

Ala

Leu

690

Glu

Leu

Thr

Leu

Ser

770

Ala

Leu

Ala

Pro

Val
850

Thr

Ala

Glu

Glu

Leu

515

Val

Ser

Leu

Ile

Arg

595

Leu

Gly

Asp

Glu

Asp

675

Ser

Val

Ala

Phe

Thr

755

Ile

Asn

Asp

Ala

Gly
835
Leu

Trp

Leu

Ile

Leu

500

Lys

Phe

Glu

Arg

Gln

580

Asp

Ser

Ala

Glu

Thr

660

Met

Ala

Pro

Asn

Thr

740

Leu

Pro

Gly

Lys

Ala

820

Leu

Ala

Gln

Val

Phe

485

Glu

Leu

Ala

Arg

Gly

565

Arg

Phe

Gly

Gln

Leu

645

Val

Arg

Leu

Val

Tyr

725

Ser

Asp

His

Tyr

Thr

805

Ala

Leu

Gly

Arg

Asn
885

Asp

His

Ser

Ser

Ser

550

Arg

Ile

Leu

Ile

Leu

630

Leu

Ser

Pro

Ser

Gly

710

Ile

Val

Lys

Ala

Leu

790

Gly

Arg

Glu

Asp

Leu
870

His

Glu

Asp

Gln

Ser

535

Tyr

Asp

Ala

Ile

Ala

615

Glu

Ala

Arg

Asp

Phe

695

Val

Glu

His

Phe

Pro

775

Gly

Gly

Lys

His

Ile
855

Ala

Val

Asp

Arg

Gly

520

Pro

Leu

Thr

Lys

Glu

600

Lys

Gln

Leu

Ala

Ala

680

Ser

Val

Ala

Gly

Ile

760

Val

Arg

Thr

Arg

Tyr

840

Gly

Glu

Leu

Gly

Leu

505

Glu

Leu

Leu

Ala

Asp

585

Thr

Leu

Met

Arg

Ala

665

His

Asn

Val

Glu

Gly

745

Asp

Pro

Phe

Leu

Leu

825

Gln

Asp

Thr

Pro

Phe

490

Val

Phe

Ile

Ala

Thr

570

Ala

Glu

Leu

Tyr

Arg

650

Lys

Phe

Leu

Ser

Arg

730

Gly

Ala

Ala

Leu

Ile

810

Asp

Gln

Pro

Val

Tyr
890

Tyr

Tyr

Val

Arg

Val

555

Leu

Asn

Pro

Arg

Thr

635

Glu

Ala

Thr

Leu

Pro

715

Asn

Ser

Arg

Gln

Cys

795

Cys

Ser

Leu

Asn

Asp
875

Thr

Lys

Val

Thr

Gln

540

Ile

Lys

Leu

Phe

Pro

620

Asp

Ala

Met

Asp

His

700

Ala

Ser

Glu

Thr

Thr

780

Leu

Val

Ala

Ala

Leu
860

Leu

Gln

Thr

Asp

Val

525

Ile

Val

Ser

Gln

Thr

605

Asn

Leu

Ala

Leu

Leu

685

Glu

Asn

Gly

Ile

Leu

765

Val

Glu

Val

Phe

Ala
845
Gly

Ile

Leu

Gly

Arg

510

Ala

Phe

Pro

Ala

Pro

590

Ile

Leu

Ala

Asp

Gly

670

Gly

Ile

Glu

Ala

Arg

750

Ala

Leu

Trp

Arg

Asp

830

Arg

Leu

Val

Phe

Asp

495

Arg

His

Ile

Thr

Leu

575

Tyr

Ala

Lys

Thr

Leu

655

Val

Gly

Phe

Leu

Lys

735

Ala

Ala

Leu

Leu

Gly

815

Ser

Thr

Asp

His

Gly
895

Ile

Asn

Leu

Tyr

Asp

560

Ala

Glu

Asn

Glu

Gly

640

Pro

Ala

Asp

Gly

Arg

720

Arg

Ala

Ala

Thr

Glu

800

Ser

Gly

Leu

Asp

Pro
880

Pro
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Asn Val Val
Arg Lys Pro
915

Asp Pro Ala
930

Val Arg Val
945

Trp Ala Gly

Pro Val Ala

Ala Gly Gln
995

Leu Val Al
1010

Gly Thr Ala Glu Ile

900

Val Thr Tyr Leu Ser

920

Glu Tyr Gln Glu Asp

935

Val Arg Glu Ser Tyr

9

Glu Val L
965

50

eu Leu Arg

Val Phe Arg Ser Asp

980

Val

905

Thr

Ser

Ala

Glu

Met
985

Arg

Val

Asp

Asn

Ala

970

Ile

Leu Ala Ile Thr Ala Arg
910

Gly Val Ala Asp Gln Val

925

Val Arg Glu Met

940

Ser Ala

Gly Tyr Gly Asn Ser Lys

955

His Asp Leu Cys

Leu Ala His Ser
990

Leu Asn Val Gln Asp Val Phe Thr Arg Leu

a Thr Gly

Ala Asp Gly Asn Arg

1025

Asp Phe Th
1040

Glu Gly Ph
1055

Ile Ser Le
1070

Pro Ile Gl
1085

Glu Thr Al
1100

Val Leu Pr
1115

Arg Gly Al
1130

Thr Ala Ly
1145

Pro Leu Il
1160

<210> SEQ I
<211> LENGT.
<212> TYPE:

r Ala Ala

e Arg Thr

u Asp Glu

n Arg Ile

a Ile Arg

o Leu Leu

a Ile Leu

s Ile Gly

e Asp Lys

D NO 3
H: 669
DNA

1000

Ile Ala Pr
1015

Gln Arg Al
1030

Ala Ile Thr

1045

Tyr Asp Va
1060

Phe Val As
1075

Thr Asp Tyr

1090

Ala Leu Pr
1105

Asp Ala Tyr

1120

Pro Ala Lys

1135

Pro Glu Gl
1150

Tyr Val Se
1165

o Tyr

a His

1 Leu

p Trp

o Glu

n Asp

r Asp

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:
codon optimized phosphpantetheine transferase polynucleotide

<400> SEQUENCE: 3

atgattgaaa

gatctgaaag

cgtgatttta

ceggttgeaa

agcctgaccee

agcattggta

ccattetgec

cacatcegge

ttggtgcacy

ttggtaaagg

attgtgatgg

ttgatgcaga

tgcaggegtt

agaagaacat

tcattgtgca

tgaacgtggt

ttatcgtgca

accgcatgea

Ala

Ser

Arg

Glu

1005

Ser Phe Tyr Arg

1020

Tyr Asp Gly Leu

1035

Leu Gly Ile Gln

1050

Asn Pro Tyr Asp

1065

Leu Val Glu Ser

1080

Asp Trp Phe His

1095

Lys Gln Arg Gln

1110

Asn Pro Cys Pro

1125

Phe Gln Ala Ala

1140

Ile Pro His Leu

1155

Leu Glu Leu Leu

1170

gaaagecgcag aactgctgga

ctgattgcca aaagcgttga

cgtetggeac tggcagaact

gcaccgattt ggectegtgg

gcagcagttyg cacataaaat

accctgeegyg aaggtgttet

960

Gly Leu
975

Arg Tyr

Ile Leu Ser

Thr Asp

Pro Ala

Ala Thr

Asp Gly

Gly His

Arg Phe

Ala Ser

Ala Val

Val Gln

Ser Ala

Gln Leu

atatccggaa
aaaacgtegt
gggtgaacct
tgttgttggt
gegetttege

ggatagegtt

Synthetic

60

120

180

240

300

360
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agcctgeage

ctgctgtttt

ctgggtttty

aatggcacct

ctgetgaget

tatgcctaa

<210>
<211>
<212>
<213>
<220>
<223>

<400>

Met

1

Glu

Ala

Cys

Gly

Ser

Met

Pro

Leu

Ala

145

Leu

Ala

Gln

Leu

cggaacgtga atggctgaaa

gtgcaaaaga agccacctat

aagaagccca tattaccttt

ttcatagcga actgetggtt

ttgatggtcg ttggctgatt

PRT

SEQ ID NO 4
LENGTH:
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: Description of

222

accaccgata gcgcactgca tctggategt

aaagcctggt ggccgetgac

gaaattgaag atggtagcgce

ccgggtcaga ccaatgatgg

gcagatggtt ttattctgac

codon optimized phosphpantetheine
polypeptide

Ile

Tyr

Lys

Ala

50

Lys

Leu

Arg

Glu

Lys

130

Lys

Gly

Asp

Thr

Ile
210

Glu

Pro

Ser

35

Arg

Gly

Thr

Phe

Gly

115

Thr

Glu

Phe

Ser

Asn

195

Ala

SEQUENCE :

Thr

Glu

20

Val

Leu

Glu

His

Arg

100

Val

Thr

Ala

Glu

Gly

180

Asp

Asp

4

Ile

5

Asp

Glu

Ala

Arg

Cys

85

Ser

Leu

Asp

Thr

Glu

165

Asn

Gly

Gly

<210> SEQ ID NO 5

<211> LENGTH:

<212> TYPE: DNA
<213> ORGANISM: Mycobacterium smegmatis

<400> SEQUENCE:

atgaccagceg atgttcacga cgccacagac ggegtcaceg aaaccgcact cgacgacgag

cagtcgacce gecgeatege cgagetgtac gecaccgate cegagttege cgecgecgea

cegttgeceg cegtggtega cgeggegeac aaacccggge tgeggetgge agagatcctg

3522

5

Leu Pro Ala

Leu Lys Ala

Lys Arg Arg

40

Leu Ala Glu
55

Gly Ala Pro

Asp Gly Tyr

Ile Gly Ile

Asp Ser Val

120

Ser Ala Leu
135

Tyr Lys Ala
150

Ala His Ile

Gly Thr Phe

Gly Thr Pro
200

Phe Ile Leu
215

Gly

His

25

Arg

Leu

Ile

Arg

Asp

105

Ser

His

Trp

Thr

His

185

Leu

Thr

Val

Pro

Asp

Gly

Trp

Ala

90

Ala

Leu

Leu

Trp

Phe

170

Ser

Leu

Ala

Artificial Sequence:

transferase

Glu Ser

Ala Glu

Phe Ile

Glu Pro

60

Pro Arg
75

Ala Ala

Glu Pro

Pro Pro

Asp Arg

140

Pro Leu

155

Glu Ile

Glu Leu

Ser Phe

Ile Ala
220

Ala

Glu

Gly

45

Pro

Gly

Val

His

Glu

125

Leu

Thr

Glu

Leu

Asp

205

Tyr

Glu

His

30

Ala

Val

Val

Ala

Ala

110

Arg

Leu

Ala

Asp

Val

190

Gly

Ala

agcacgttygyg
agatagcggt
tggtacaccy

cgcaattgee

Leu

15

Leu

Arg

Ala

Val

His

95

Thr

Glu

Phe

Arg

Gly

175

Pro

Arg

420

480

540

600

660

669

Synthetic

Leu

Ile

His

Ile

Gly

Lys

Leu

Trp

Cys

Trp

160

Ser

Gly

Trp

60

120

180
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-continued
cagaccctgt tcaccggcta cggtgaccge ceggegetgyg gataccgege ccgtgaactg 240
gecaccgacy agggcgggceg caccgtgacg cgtcetgetge cgeggttega caccctcacce 300
tacgcccagg tgtggtegeg cgtgcaageg gtegecgegyg cectgcegeca caacttegeg 360
cagcegatcet acceeggega cgccgtegeg acgatceggtt tegegagtece cgattacctg 420
acgctggate tcgtatgege ctacctggge ctegtgagtyg ttecgetgea gcacaacgca 480
ceggtecagee ggctegecce gatcctggece gaggtcgaac cgeggatcect caccgtgage 540
geegaatace tcgacctcege agtcgaatce gtgcegggacg tcaacteggt gtegeagetce 600
gtggtgtteg accatcacce cgaggtcgac gaccaccgeg acgcactgge cegegegegt 660
gaacaactcyg ccggcaaggg catcgecgte accaccectgg acgcgatcge cgacgaggge 720
geegggetyge cggecgaace gatctacacce gecgaccatg atcagegect cgegatgatce 780
ctgtacacct cgggttccac cggcgcacce aagggtgcga tgtacaccga ggcgatggtg 840
gegeggetgt ggaccatgte gttcatcacg ggtgacccca cgccggtcat caacgtcaac 900
ttcatgcege tcaaccacct gggcgggege atccccattt ccaccgceegt gcagaacggt 960
ggaaccagtt acttcgtacc ggaatccgac atgtccacge tgttcgagga tctegcegetg 1020
gtgecgecega ccgaactcegg cctggttecg cgegtegecyg acatgcetcta ccagcaccac 1080
ctegecaceg tcegaccgect ggtcacgecag ggcgecgacyg aactgaccge cgagaagcag 1140
gcecggtgeceg aactgcgtga gcaggtgctce ggcggacgceg tgatcaccgg attcegtcage 1200
accgcaccge tggecgegga gatgagggeg ttectcegaca tcaccctggyg cgcacacate 1260
gtegacgget acgggctcac cgagaccggce gecgtgacac gegacggtgt gatcgtgegg 1320
ccaccggtga tcgactacaa gctgatcgac gttcccgaac tcggctactt cagcaccgac 1380
aagccctace cgcecgtggega actgctggte aggtcgcaaa cgctgactcece cgggtactac 1440
aagcgecceg aggtcaccge gagcegtette gaccgggacyg gctactacca caccggcgac 1500
gtecatggeeyg agaccgcace cgaccacctg gtgtacgtgg accgtcegcaa caacgtccte 1560
aaactcgcgce agggcgagtt cgtggceggtce gccaacctgg aggcggtgtt ctececggegeg 1620
gcgetggtge gecagatctt cgtgtacgge aacagcgagce gcagtttect tctggceegtyg 1680
gtggtccega cgecggagge gctcgagcag tacgatcegg cegegcetcaa ggecgegetyg 1740
geegactege tgcagecgcac cgcacgcgac gecgaactge aatcctacga ggtgccggec 1800
gatttcatcg tcgagaccga gccgttcage geccgccaacg ggctgcetgte gggtgtegga 1860
aaactgctge ggcccaacct caaagaccge tacgggcage gectggagca gatgtacgece 1920
gatatcgegyg ccacgcagge caaccagttg cgcgaactge ggegcegeggce cgcecacacaa 1980
cecggtgateg acaccctcac ccaggecget gecacgatee teggcaccegyg gagegaggtyg 2040
gcatccgacg cccacttcac cgacctgggce ggggattcece tgtcggeget gacacttteg 2100
aacctgctga gecgatttett cggtttcgaa gtteccgteg gecaccatcgt gaacccggcece 2160
accaaccteg cccaactcge ccagcacatce gaggcgcage gcaccgceggyg tgaccgcagg 2220
ccgagtttea ccaccgtgca cggcgeggac gecaccgaga tcecgggcgag tgagetgace 2280
ctggacaagt tcatcgacgc cgaaacgctce cgggecgcac cgggtctgece caaggtcace 2340
accgagccac ggacggtgtt getcecteggge gccaacggct ggctgggceeg gttectcacg 2400
ttgcagtggce tggaacgcct ggcacctgtce ggeggcaccce tcatcacgat cgtgceggggce 2460
cgegacgacg ccgeggeccg cgcacggetyg acccaggect acgacaccga tcccgagttg 2520
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-continued
tccegecget tegecgaget ggecgacege cacctgeggg tggtegeegg tgacatcegge 2580
gacccgaate tgggectcac acccgagatce tggcaccgge tegecgecga ggtegacctg 2640
gtggtgcatc cggcagcgct ggtcaaccac gtgctcccecet accggcagcet gtteggeccce 2700
aacgtcegtgg gcacggecga ggtgatcaag ctggecctea cegaacggat caagceccegte 2760
acgtacctgt ccaccgtgte ggtggccatg gggatcccecg acttcgagga ggacggcgac 2820
atccggacceg tgageceggt gegecegete gacggeggat acgecaacgg ctacggcaac 2880
agcaagtggyg ccggcgaggt getgetgegg gaggeccacg atctgtgegg getgecegtg 2940
gcgacgttec gcecteggacat gatcctggeg catccgeget accgcecggtca ggtcaacgtg 3000
ccagacatgt tcacgcgact cctgttgage ctecttgatca cecggecgtcecge gecgeggtceg 3060
ttctacatcg gagacggtga gcgcccgcegg gcgcactacce ccggecctgac ggtcgattte 3120
gtggcegagg cggtcacgac geteggegeg cagcagcegeg agggatacgt gtectacgac 3180
gtgatgaacc cgcacgacga cgggatctcc ctggatgtgt tegtggactg gctgatccgg 3240
gegggecate cgatcgaceg ggtcgacgac tacgacgact gggtgegteg gttegagacce 3300
gegttgaceg cgettceccga gaagegecge gcacagacceg tactgecget getgeacgeg 3360
ttcegegete cgcaggcace gttgegegge geacccgaac ccacggaggt gttcecacgece 3420
geggtgegea ccgcgaaggt gggeceggga gacatccege acctegacga ggegetgatce 3480
gacaagtaca tacgcgatct gcgtgagttc ggtctgatct aa 3522

<210> SEQ I
<211> LENGT.
<212> TYPE:

D NO 6
H: 1173
PRT

<213> ORGANISM: Mycobacterium smegmatis

<400> SEQUENCE: 6

Met Thr Ser
1

Leu Asp Asp

Asp Pro Glu
35

Ala His Lys
50

Thr Gly Tyr
65

Ala Thr Asp
Asp Thr Leu
Ala Ala Leu

115

Val Ala Thr

130

Val Cys Ala

Pro Val Ser

Leu Thr Val

Asp Val Asn

Asp Val His Asp Ala

5

Glu Gln Ser Thr Arg

20

Phe Ala Ala Ala Ala

Pro Gly Leu Arg Leu

55

Gly Asp Arg Pro Ala

70

Glu Gly Gly Arg Thr

Thr Tyr Ala Gln Val

100

Arg His Asn Phe Ala

120

Ile Gly Phe Ala Ser

135

Tyr Leu Gly Leu Val
150

Arg Leu Ala Pro Ile

165

Ser Ala Glu Tyr Leu

180

Ser Val Ser Gln Leu

Thr

Arg

Pro

Ala

Leu

Val

Trp

105

Gln

Pro

Ser

Leu

Asp
185

Val

Asp

10

Ile

Leu

Glu

Gly

Thr

90

Ser

Pro

Asp

Val

Ala
170

Leu

Val

Gly

Ala

Pro

Ile

Tyr

75

Arg

Arg

Ile

Tyr

Pro
155
Glu

Ala

Phe

Val Thr Glu
Glu Leu Tyr
30

Ala Val Val
45

Leu Gln Thr
60

Arg Ala Arg

Leu Leu Pro

Val Gln Ala
110

Tyr Pro Gly
125

Leu Thr Leu
140

Leu Gln His

Val Glu Pro

Val Glu Ser

190

Asp His His

Thr Ala

15

Ala Thr

Asp Ala

Leu Phe

Glu Leu

80

Arg Phe

Val Ala

Asp Ala

Asp Leu

Asn Ala
160

Arg Ile
175

Val Arg

Pro Glu
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158

Gly

225

Ala

Leu

Ala

Ile

Asn

305

Gly

Asp

Ala

Thr

Leu

385

Thr

Gly

Thr

Ile

Arg

465

Lys

Ala

Gln

545

Lys

Leu

Phe

Asp

210

Lys

Gly

Ala

Met

Thr

290

His

Thr

Leu

Asp

Gln

370

Arg

Ala

Ala

Arg

Asp

450

Gly

Arg

Thr

Asp

Val

530

Ile

Val

Ala

Gln

Ser
610

195

Asp

Gly

Leu

Met

Tyr

275

Gly

Leu

Ser

Ala

Met

355

Gly

Glu

Pro

His

Asp

435

Val

Glu

Pro

Gly

Arg

515

Ala

Phe

Pro

Ala

Ser
595

Ala

His

Ile

Pro

Ile

260

Thr

Asp

Gly

Tyr

Leu

340

Leu

Ala

Gln

Leu

Ile

420

Gly

Pro

Leu

Glu

Asp

500

Arg

Asn

Val

Thr

Leu
580

Tyr

Ala

Arg

Ala

Ala

245

Leu

Glu

Pro

Gly

Phe

325

Val

Tyr

Asp

Val

Ala

405

Val

Val

Glu

Leu

Val

485

Val

Asn

Leu

Tyr

Pro
565
Ala

Glu

Asn

Asp

Val

230

Glu

Tyr

Ala

Thr

Arg

310

Val

Arg

Gln

Glu

Leu

390

Ala

Asp

Ile

Leu

Val

470

Thr

Met

Asn

Glu

Gly

550

Glu

Asp

Val

Gly

Ala

215

Thr

Pro

Thr

Met

Pro

295

Ile

Pro

Pro

His

Leu

375

Gly

Glu

Gly

Val

Gly

455

Arg

Ala

Ala

Val

Ala

535

Asn

Ala

Ser

Pro

Leu
615

200

Leu

Thr

Ile

Ser

Val

280

Val

Pro

Glu

Thr

His

360

Thr

Gly

Met

Tyr

Arg

440

Tyr

Ser

Ser

Glu

Leu

520

Val

Ser

Leu

Leu

Ala
600

Leu

Ala

Leu

Tyr

Gly

265

Ala

Ile

Ile

Ser

Glu

345

Leu

Ala

Arg

Arg

Gly

425

Pro

Phe

Gln

Val

Thr

505

Lys

Phe

Glu

Glu

Gln
585

Asp

Ser

Arg

Asp

Thr

250

Ser

Arg

Asn

Ser

Asp

330

Leu

Ala

Glu

Val

Ala

410

Leu

Pro

Ser

Thr

Phe

490

Ala

Leu

Ser

Arg

Gln
570
Arg

Phe

Gly

Ala

Ala

235

Ala

Thr

Leu

Val

Thr

315

Met

Gly

Thr

Lys

Ile

395

Phe

Thr

Val

Thr

Leu

475

Asp

Pro

Ala

Gly

Ser

555

Tyr

Thr

Ile

Val

Arg

220

Ile

Asp

Gly

Trp

Asn

300

Ala

Ser

Leu

Val

Gln

380

Thr

Leu

Glu

Ile

Asp

460

Thr

Arg

Asp

Gln

Ala

540

Phe

Asp

Ala

Val

Gly
620

205

Glu

Ala

His

Ala

Thr

285

Phe

Val

Thr

Val

Asp

365

Ala

Gly

Asp

Thr

Asp

445

Lys

Pro

Asp

His

Gly

525

Ala

Leu

Pro

Arg

Glu
605

Lys

Gln

Asp

Asp

Pro

270

Met

Met

Gln

Leu

Pro

350

Arg

Gly

Phe

Ile

Gly

430

Tyr

Pro

Gly

Gly

Leu

510

Glu

Leu

Leu

Ala

Asp
590

Thr

Leu

Leu

Glu

Gln

255

Lys

Ser

Pro

Asn

Phe

335

Arg

Leu

Ala

Val

Thr

415

Ala

Lys

Tyr

Tyr

Tyr

495

Val

Phe

Val

Ala

Ala

575

Ala

Glu

Leu

Ala

Gly

240

Arg

Gly

Phe

Leu

Gly

320

Glu

Val

Val

Glu

Ser

400

Leu

Val

Leu

Pro

Tyr

480

Tyr

Tyr

Val

Arg

Val

560

Leu

Glu

Pro

Arg
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Pro

625

Asp

Ala

Ile

Leu

Asp

705

Thr

Gly

Glu

Thr

Thr

785

Leu

Ile

Ala

Asp

Gly

865

Leu

Leu

Ala

Ser

945

Ser

Gly

Arg

Leu

Gly

Asn

Ile

Ala

Leu

Gly

690

Phe

Asn

Asp

Ile

Leu

770

Val

Gln

Val

Tyr

Arg

850

Leu

Val

Phe

Thr

Met

930

Pro

Lys

Leu

Tyr

Ser
1010

Leu

Ala

Thr

Gly

675

Gly

Phe

Leu

Arg

Arg

755

Arg

Leu

Trp

Arg

Asp

835

His

Thr

His

Gly

Glu

915

Gly

Val

Trp

Pro

Arg
995

Lys

Ala

Gln

660

Thr

Asp

Gly

Ala

Arg

740

Ala

Ala

Leu

Leu

Gly

820

Thr

Leu

Pro

Pro

Pro

900

Arg

Ile

Arg

Ala

Val
980

Gly

Asp

Thr

645

Pro

Gly

Ser

Phe

Gln

725

Pro

Ser

Ala

Ser

Glu

805

Arg

Asp

Arg

Glu

Ala

885

Asn

Ile

Pro

Pro

Gly

965

Ala

Gln

Arg

630

Gln

Val

Ser

Leu

Glu

710

Leu

Ser

Glu

Pro

Gly

790

Arg

Asp

Pro

Val

Ile

870

Ala

Val

Lys

Asp

Leu

950

Glu

Thr

Val

Tyr

Ala

Ile

Glu

Ser

695

Val

Ala

Phe

Leu

Gly

775

Ala

Leu

Asp

Glu

Val

855

Trp

Leu

Val

Pro

Phe

935

Asp

Val

Phe

Asn

Gly

Asn

Asp

Val

680

Ala

Pro

Gln

Thr

Thr

760

Leu

Asn

Ala

Ala

Leu

840

Ala

His

Val

Gly

Val

920

Glu

Gly

Leu

Arg

Val
1000

Gln

Gln

Thr

665

Ala

Leu

Val

His

Thr

745

Leu

Pro

Gly

Pro

Ala

825

Ser

Gly

Arg

Asn

Thr

905

Thr

Glu

Gly

Leu

Ser
985

Pro Asp Met Phe Thr

Arg

Leu

650

Leu

Ser

Thr

Gly

Ile

730

Val

Asp

Lys

Trp

Val

810

Ala

Arg

Asp

Leu

His

890

Ala

Tyr

Asp

Tyr

Arg

970

Asp

Leu

635

Arg

Thr

Asp

Leu

Thr

715

Glu

His

Lys

Val

Leu

795

Gly

Arg

Arg

Ile

Ala

875

Val

Glu

Leu

Gly

Ala

955

Glu

Met

Glu

Glu

Gln

Ala

Ser

700

Ile

Ala

Gly

Phe

Thr

780

Gly

Gly

Ala

Phe

Gly

860

Ala

Leu

Val

Ser

Asp

940

Asn

Ala

Ile

Gln

Leu

Ala

His

685

Asn

Val

Gln

Ala

Ile

765

Thr

Arg

Thr

Arg

Ala

845

Asp

Glu

Pro

Ile

Thr

925

Ile

Gly

His

Leu

Met

Arg

Ala

670

Phe

Leu

Asn

Arg

Asp

750

Asp

Glu

Phe

Leu

Leu

830

Glu

Pro

Val

Tyr

Lys

910

Val

Arg

Tyr

Asp

Ala
990

Arg Leu Leu

1005

Leu Leu Ile Thr Gly Val Ala Pro Arg Ser
1020

101

5

Tyr

Arg

655

Ala

Thr

Leu

Pro

Thr

735

Ala

Ala

Pro

Leu

Ile

815

Thr

Leu

Asn

Asp

Arg

895

Leu

Ser

Thr

Gly

Leu
975

His

Ala

640

Ala

Thr

Asp

Ser

Ala

720

Ala

Thr

Glu

Arg

Thr

800

Thr

Gln

Ala

Leu

Leu

880

Gln

Ala

Val

Val

Asn

960

Cys

Pro

Phe Tyr Ile

Asp Gly Glu Arg Pro Arg Ala His Tyr Pro Gly Leu Thr Val
1035

1025

103

0
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Asp Phe Val Ala Glu Ala Val Thr Thr Leu Gly Ala Gln Gln Arg
1040 1045 1050

Glu Gly Tyr Val Ser Tyr Asp Val Met Asn Pro His Asp Asp Gly
1055 1060 1065

Ile Ser Leu Asp Val Phe Val Asp Trp Leu Ile Arg Ala Gly His
1070 1075 1080

Pro Ile Asp Arg Val Asp Asp Tyr Asp Asp Trp Val Arg Arg Phe
1085 1090 1095

Glu Thr Ala Leu Thr Ala Leu Pro Glu Lys Arg Arg Ala Gln Thr
1100 1105 1110

Val Leu Pro Leu Leu His Ala Phe Arg Ala Pro Gln Ala Pro Leu
1115 1120 1125

Arg Gly Ala Pro Glu Pro Thr Glu Val Phe His Ala Ala Val Arg
1130 1135 1140

Thr Ala Lys Val Gly Pro Gly Asp Ile Pro His Leu Asp Glu Ala
1145 1150 1155

Leu Ile Asp Lys Tyr Ile Arg Asp Leu Arg Glu Phe Gly Leu Ile
1160 1165 1170

<210> SEQ ID NO 7

<211> LENGTH: 3522

<212> TYPE: DNA

<213> ORGANISM: Mycobacterium avium

<400> SEQUENCE: 7

atgtcgactyg ccacccatga cgaacgacte gaccgtegeg tecacgaact catcgecacce 60
gacccgcaat tcgcegecge ccaacccgac ccggcegatca cegecgecct cgaacagecc 120
gggctgegge tgccgcagat catccgcace gtgctegacg gctacgecga ccggecggeg 180

ctgggacage gcegtggtgga gttegtcacyg gacgecaaga cegggegeac gteggegeag 240

ctgeteccce gettegagac catcacgtac agegaagtag cgcagegtgt tteggegetg 300
ggcegegece tgtccgacga cgeggtgcac ccceggegace gggtgtgegt getgggette 360
aacagcgtcg actacgecac catcgacatg gegetgggeg ccatcggege cgtceteggtg 420
ccgetgecaga ccagegegge aatcageteg ctgcagecga tegtggecga gaccgagecce 480
accctgateg cgtccagegt gaaccagetg tcegacgegg tgcagetgat caccggegece 540
gagcaggege ccacccegget ggtggtgtte gactaccace cgcaggtcega cgaccagegc 600
gaggcegtee aggacgecge ggcegeggcetyg tccagcaceg gegtggecegt ccagacgetg 660
gecgagetge tggagegegg caaggacctyg ccegecgteg cggagecgeco cgecgacgag 720
gactcgetgg ccectgetgat ctacacctee gggtccaceg gegeccccaa gggegegatg 780
tacccacaga gcaacgtegg caagatgtgg cgecgeggea gcaagaactg gtteggegag 840
agcgecegegt cgatcaccct gaacttecatg ccgatgagec acgtgatggg ccgaagcatce 900
ctctacggca cgctgggeaa cggeggeace gectactteg cegecegeag cgacctgtece 960

accctgettg aggacctega getggtgcgg cccaccgagce tcaacttegt cecgeggatce 1020

tgggagacge tgtacggega attccagegt caggtcgage ggeggetcete cgaggecggg 1080

gacgceggeg aacgtcegege cgtegaggee gaggtgcetgg ccgagcageyg ccagtacctg 1140

ctgggcgggce ggttcacctt cgcgatgacg ggctcecggege ccatctcecgee ggagcetgegce 1200

aactgggtcg agtcgctgcet cgaaatgcac ctgatggacg gctacggctce caccgaggcce 1260

ggaatggtgt tgttcgacgg ggagattcag cgcccgccgg tgatcgacta caagctggtce 1320
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-continued
gacgtgceegyg acctgggcta cttcagcacce gaccggecge atccgegegg cgagetgetg 1380
ctgcgecaceg agaacatgtt cccgggetac tacaageggyg ccgaaaccac cgcegggegte 1440
ttecgacgagg acggctacta ccgcaccgge gacgtgtteg cegagatcege cccggaccgg 1500
ctggtctacg tcgaccgeccg caacaacgtg ctcaagetgg cgcagggcga attcgtcacg 1560
ctggccaagce tggaggcggt gttcggcaac agcccgcetga tccgccagat ctacgtctac 1620
ggcaacageyg cccageccta cctgetggeg gtegtggtge ccaccgagga ggegetggece 1680
tecgggtgace ccgagacgct caagcccaag atcgecgact cgetgcagea ggtcegecaag 1740
gaggccggece tgcagtceccta cgaggtgccg cgcgacttca tcatcgagac caccccgtte 1800
agcctggaaa acggtcetgcet gaccgggatce cggaagetgg cgtggccgaa actgaagcag 1860
cactacgggg aacggctgga gcagatgtac gecgacctgg cegecggaca ggccaacgag 1920
ctggecgage tgcgecgcaa cggtgeccag gegeceggtgt tgcagacegt gagecgegece 1980
gcgggcgeca tgectgggtte ggecgectece gacctgtceee ccgacgccca cttcecaccgat 2040
ctgggcggag actcgttgte ggcgttgaca ttceggcaacc tgctgcgcga gatcttcecgac 2100
gtegacgtge cggtaggcegt gatcgtcage ccggccaacg acctggegge catcgcegage 2160
tacatcgagg ccgagcggca gggcagcaag cgeccgacgt tegecteggt gcacggecgg 2220
gacgcgaceyg tggtgcgcege cgccgacctg acgctggaca agttcectega cgecgagacy 2280
ctggecgeceg cgccgaacct geccaagecg gecaccgagyg tgcgcaccegt getgetgace 2340
ggcgccaceg gcecttectggg ccgctacctg gecctggaat ggctggagceg gatggacatg 2400
gtggacggca aggtcatcge cctggtcegg geccegetceeg acgaggaggce acgegceccgyg 2460
ctggacaaga ccttecgacag cggcgacceg aaactgcteg cgcactacca gcagetggece 2520
geegatcace tggaggtcat cgccggcgac aagggcgagg ccaatctggg cctgggecaa 2580
gacgtttggce aacgactggc cgacacggtc gacgtgatcg tcgaccccecgce cgegctggte 2640
aaccacgtgt tgccgtacag cgagctgtte gggceccaacyg ccectgggcac cgcggagetg 2700
atccggetgg cgctgacgte caagcagaag ccgtacacct acgtgtccac catcggegtg 2760
ggcgaccaga tcgagccggg caagttegtce gagaacgccg acatcceggca gatgagcegece 2820
acccgggcega tcaacgacag ctacgccaac ggctatggea acagcaagtyg ggccggcgag 2880
gtgctgctge gcgaggcgca cgacctgtge gggctgcceg tegeggtgtt ccecgetgegac 2940
atgatcctgg ccgacaccac gtatgcecggg cagctcaacce tgccggacat gttcaccegg 3000
ctgatgctga gecctggtgge caccgggatce gcgeccggcet cgttctacga getcgacgcece 3060
gacggcaacce ggcagceggge gcactacgac ggectgecgg tegagttcat cgecgeggeg 3120
atctcgacgce tgggttcgca gatcaccgac agcgacaccg gcttceccagac ctaccacgtg 3180
atgaacccct acgatgacgg cgtcggtctg gacgagtacg tcgattgget ggtggacgcece 3240
ggctattcga tcgagcggat cgccgactac tccgaatggce tgcggeggtt cgagaccteg 3300
ctgcgggece tgceggaccg gecagcegecag tactegetge tgecgetget gcacaactac 3360
cgcacgecegg agaagcecgat caacgggtceg atagctcceca ccgacgtgtt ccgggcageg 3420
gtgcaggagyg cgaaaatcgg ccccgacaaa gacattccge acgtgtegec gecggtcatce 3480
gtcaagtaca tcaccgacct gcagctgctce gggctgctet aa 3522

<210> SEQ ID NO 8
<211> LENGTH: 1173

<212> TYPE:

PRT

<213> ORGANISM: Mycobacterium avium
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<400> SEQUENCE:

Met
1
Leu

Ile

Arg

Asp

Asp

Ser

145

Thr

Ile

Arg

Glu

225

Asp

Lys

Gly

Phe

Leu

305

Thr

Glu

Glu

Phe

385

Asn

Ser

Ile

Thr

Thr

50

Val

Leu

Ser

Arg

Met

130

Ala

Leu

Thr

Pro

Leu

210

Arg

Ser

Gly

Ser

Met

290

Gly

Leu

Pro

Arg

Ala
370

Thr

Trp

Thr

Ala

Ala

35

Val

Glu

Pro

Ala

Val

115

Ala

Ala

Ile

Gly

Gln

195

Ser

Gly

Leu

Ala

Lys

275

Pro

Asn

Leu

Arg

Arg

355

Glu

Phe

Val

Ala

Thr

20

Ala

Leu

Phe

Arg

Leu

100

Cys

Leu

Ile

Ala

Ala

180

Val

Ser

Lys

Ala

Met

260

Asn

Met

Gly

Glu

Ile

340

Leu

Val

Ala

Glu

8

Thr

Asp

Leu

Asp

Val

Phe

85

Gly

Val

Gly

Ser

Ser

165

Glu

Asp

Thr

Asp

Leu

245

Tyr

Trp

Ser

Gly

Asp

325

Trp

Ser

Leu

Met

Ser

His

Pro

Glu

Gly

Thr

70

Glu

Arg

Leu

Ala

Ser

150

Ser

Gln

Asp

Gly

Leu

230

Leu

Pro

Phe

His

Thr

310

Leu

Glu

Glu

Ala

Thr
390

Leu

Asp Glu Arg Leu Asp Arg Arg Val His
10 15

Gln Phe Ala Ala Ala Gln Pro Asp Pro
25 30

Gln Pro Gly Leu Arg Leu Pro Gln Ile
40 45

Tyr Ala Asp Arg Pro Ala Leu Gly Gln
55 60

Asp Ala Lys Thr Gly Arg Thr Ser Ala
75

Thr Ile Thr Tyr Ser Glu Val Ala Gln
90 95

Ala Leu Ser Asp Asp Ala Val His Pro
105 110

Gly Phe Asn Ser Val Asp Tyr Ala Thr
120 125

Ile Gly Ala Val Ser Val Pro Leu Gln
135 140

Leu Gln Pro Ile Val Ala Glu Thr Glu
155

Val Asn Gln Leu Ser Asp Ala Val Gln
170 175

Ala Pro Thr Arg Leu Val Val Phe Asp
185 190

Gln Arg Glu Ala Val Gln Asp Ala Ala
200 205

Val Ala Val Gln Thr Leu Ala Glu Leu
215 220

Pro Ala Val Ala Glu Pro Pro Ala Asp
235

Ile Tyr Thr Ser Gly Ser Thr Gly Ala
250 255

Gln Ser Asn Val Gly Lys Met Trp Arg
265 270

Gly Glu Ser Ala Ala Ser Ile Thr Leu
280 285

Val Met Gly Arg Ser Ile Leu Tyr Gly
295 300

Ala Tyr Phe Ala Ala Arg Ser Asp Leu
315

Glu Leu Val Arg Pro Thr Glu Leu Asn
330 335

Thr Leu Tyr Gly Glu Phe Gln Arg Gln
345 350

Ala Gly Asp Ala Gly Glu Arg Arg Ala
360 365

Glu Gln Arg Gln Tyr Leu Leu Gly Gly
375 380

Gly Ser Ala Pro Ile Ser Pro Glu Leu
395

Leu Glu Met His Leu Met Asp Gly Tyr

Glu

Ala

Ile

Arg

Gln

80

Arg

Gly

Ile

Thr

Pro

160

Leu

Tyr

Ala

Leu

Glu

240

Pro

Arg

Asn

Thr

Ser

320

Phe

Val

Val

Arg

Arg

400

Gly
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Ser

Pro

Ser

Asn

465

Phe

Ala

Leu

Gly

Gln

545

Ser

Gln

Phe

Gly

Arg

625

Leu

Ser

Leu

705

Tyr

Asp

Lys

Phe

785

Ala

Thr

Val

Thr

450

Met

Asp

Pro

Ala

Asn

530

Pro

Gly

Val

Ile

Ile

610

Leu

Ala

Ser

Pro

Thr

690

Gly

Ile

His

Lys

Pro
770
Leu

Asp

Arg

Glu

Ile

435

Asp

Phe

Glu

Asp

Gln

515

Ser

Tyr

Asp

Ala

Ile

595

Arg

Glu

Glu

Arg

Asp

675

Phe

Val

Glu

Gly

Phe

755

Ala

Gly

Gly

Ala

Ala

420

Asp

Arg

Pro

Asp

Arg

500

Gly

Pro

Leu

Pro

Lys

580

Glu

Lys

Gln

Leu

Ala

660

Ala

Gly

Ile

Ala

Arg

740

Leu

Thr

Arg

Lys

Arg
820

405

Gly

Tyr

Pro

Gly

Gly

485

Leu

Glu

Leu

Leu

Glu

565

Glu

Thr

Leu

Met

Arg

645

Ala

His

Asn

Val

Glu

725

Asp

Asp

Glu

Tyr

Val
805

Leu

Met

Lys

His

Tyr

470

Tyr

Val

Phe

Ile

Ala

550

Thr

Ala

Thr

Ala

Tyr

630

Arg

Gly

Phe

Leu

Ser

710

Arg

Ala

Ala

Val

Leu
790

Ile

Asp

Val

Leu

Pro

455

Tyr

Tyr

Tyr

Val

Arg

535

Val

Leu

Gly

Pro

Trp

615

Ala

Asn

Ala

Thr

Leu

695

Pro

Gln

Thr

Glu

Arg
775
Ala

Ala

Lys

Leu

Val

440

Arg

Lys

Arg

Val

Thr

520

Gln

Val

Lys

Leu

Phe

600

Pro

Asp

Gly

Met

Asp

680

Arg

Ala

Gly

Val

Thr

760

Thr

Leu

Leu

Thr

Phe

425

Asp

Gly

Arg

Thr

Asp

505

Leu

Ile

Val

Pro

Gln

585

Ser

Lys

Leu

Ala

Leu

665

Leu

Glu

Asn

Ser

Val

745

Leu

Val

Glu

Val

Phe
825

410

Asp

Val

Glu

Ala

Gly

490

Arg

Ala

Tyr

Pro

Lys

570

Ser

Leu

Leu

Ala

Gln

650

Gly

Gly

Ile

Asp

Lys

730

Arg

Ala

Leu

Trp

Arg

810

Asp

Gly

Pro

Leu

Glu

475

Asp

Arg

Lys

Val

Thr

555

Ile

Tyr

Glu

Lys

Ala

635

Ala

Ser

Gly

Phe

Leu

715

Arg

Ala

Ala

Leu

Leu
795

Ala

Ser

Glu

Asp

Leu

460

Thr

Val

Asn

Leu

Tyr

540

Glu

Ala

Glu

Asn

Gln

620

Gly

Pro

Ala

Asp

Asp

700

Ala

Pro

Ala

Ala

Thr
780
Glu

Arg

Gly

Ile

Leu

445

Leu

Thr

Phe

Asn

Glu

525

Gly

Glu

Asp

Val

Gly

605

His

Gln

Val

Ala

Ser

685

Val

Ala

Thr

Asp

Pro

765

Gly

Arg

Ser

Asp

Gln

430

Gly

Arg

Ala

Ala

Val

510

Ala

Asn

Ala

Ser

Pro

590

Leu

Tyr

Ala

Leu

Ser

670

Leu

Asp

Ile

Phe

Leu

750

Asn

Ala

Met

Asp

Pro
830

415

Arg

Tyr

Thr

Gly

Glu

495

Leu

Val

Ser

Leu

Leu

575

Arg

Leu

Gly

Asn

Gln

655

Asp

Ser

Val

Ala

Ala

735

Thr

Leu

Thr

Asp

Glu
815

Lys

Pro

Phe

Glu

Val

480

Ile

Lys

Phe

Ala

Ala

560

Gln

Asp

Thr

Glu

Glu

640

Thr

Leu

Ala

Pro

Ser

720

Ser

Leu

Pro

Gly

Met
800

Glu

Leu
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Leu Ala His Tyr Gln Gln Leu Ala Ala Asp His Leu Glu Val Ile Ala
835 840 845
Gly Asp Lys Gly Glu Ala Asn Leu Gly Leu Gly Gln Asp Val Trp Gln
850 855 860
Arg Leu Ala Asp Thr Val Asp Val Ile Val Asp Pro Ala Ala Leu Val
865 870 875 880
Asn His Val Leu Pro Tyr Ser Glu Leu Phe Gly Pro Asn Ala Leu Gly
885 890 895
Thr Ala Glu Leu Ile Arg Leu Ala Leu Thr Ser Lys Gln Lys Pro Tyr
900 905 910
Thr Tyr Val Ser Thr Ile Gly Val Gly Asp Gln Ile Glu Pro Gly Lys
915 920 925
Phe Val Glu Asn Ala Asp Ile Arg Gln Met Ser Ala Thr Arg Ala Ile
930 935 940
Asn Asp Ser Tyr Ala Asn Gly Tyr Gly Asn Ser Lys Trp Ala Gly Glu
945 950 955 960
Val Leu Leu Arg Glu Ala His Asp Leu Cys Gly Leu Pro Val Ala Val
965 970 975
Phe Arg Cys Asp Met Ile Leu Ala Asp Thr Thr Tyr Ala Gly Gln Leu
980 985 990
Asn Leu Pro Asp Met Phe Thr Arg Leu Met Leu Ser Leu Val Ala Thr
995 1000 1005
Gly Ile Ala Pro Gly Ser Phe Tyr Glu Leu Asp Ala Asp Gly Asn
1010 1015 1020
Arg Gln Arg Ala His Tyr Asp Gly Leu Pro Val Glu Phe Ile Ala
1025 1030 1035
Ala Ala Ile Ser Thr Leu Gly Ser Gln Ile Thr Asp Ser Asp Thr
1040 1045 1050
Gly Phe Gln Thr Tyr His Val Met Asn Pro Tyr Asp Asp Gly Val
1055 1060 1065
Gly Leu Asp Glu Tyr Val Asp Trp Leu Val Asp Ala Gly Tyr Ser
1070 1075 1080
Ile Glu Arg Ile Ala Asp Tyr Ser Glu Trp Leu Arg Arg Phe Glu
1085 1090 1095
Thr Ser Leu Arg Ala Leu Pro Asp Arg Gln Arg Gln Tyr Ser Leu
1100 1105 1110
Leu Pro Leu Leu His Asn Tyr Arg Thr Pro Glu Lys Pro Ile Asn
1115 1120 1125
Gly Ser 1Ile Ala Pro Thr Asp Val Phe Arg Ala Ala Val Gln Glu
1130 1135 1140
Ala Lys Ile Gly Pro Asp Lys Asp Ile Pro His Val Ser Pro Pro
1145 1150 1155
Val Ile Val Lys Tyr Ile Thr Asp Leu Gln Leu Leu Gly Leu Leu
1160 1165 1170
<210> SEQ ID NO 9
<211> LENGTH: 3525
<212> TYPE: DNA
<213> ORGANISM: Mycobacterium marinum
<400> SEQUENCE: 9

atgtcgccaa tcacgegtga agageggete gagegecgea tcecaggacct ctacgccaac

gaccegecagt tcgeegecge caaacccgece acggcegatca ccgcagcaat cgageggecg
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ggtctaccge taccccagat catcgagacce gtcatgaccg gatacgecga teggecgget 180
ctegetcage geteggtega attcgtgace gacgecggea ceggcecacac cacgcetgcga 240
ctgcteccee acttegaaac catcagetac ggecgagettt gggaccgcat cagegcactg 300
geegacgtyge tcagcaccga acagacggtg aaaccgggeg accgggtetg cttgttggge 360
ttcaacageg tcgactacgce cacgatcgac atgactttgyg cgeggetggyg cgceggtggece 420
gtaccactge agaccagcge ggcgataacc cagctgcage cgatcgtege cgagacccag 480
cccaccatga tcgeggecag cgtcgacgca ctegetgacyg ccaccgaatt ggcetetgtcee 540
ggtcagaccyg ctacccgagt cctggtgttce gaccaccacce ggcaggttga cgcacaccge 600
gcageggteyg aatccgceceg ggagegectg gecggetegg cggtcegtega aaccctggece 660
gaggccateyg cgegeggcega cgtgeccege ggtgegteceg ceggcetegge geccggcace 720
gatgtgteceg acgactcget cgcegetactg atctacacct cgggcagcac gggtgcgecce 780
aagggcgcega tgtaccccceg acgcaacgtt gegaccttet ggegcaageyg cacctggtte 840
gaaggcggcet acgagccgte gatcacgetg aacttcatge caatgageca cgtcatggge 900
cgccaaatcee tgtacggcac getgtgecaat ggeggcacceyg cctacttegt ggcgaaaage 960
gatctcteca ccttgttcga agacctggeg ctggtgcgge ccaccgagcet gaccttegtg 1020
ccgecgegtgt gggacatggt gttcgacgag tttcagagtg aggtcgaccg ccgectggte 1080
gacggegeeyg accgggtcege gctcgaagcece caggtcaagg ccgagatacg caacgacgtg 1140
ctcggtggac ggtataccag cgcactgacce ggctceccgece ctatctccga cgagatgaag 1200
gcgtgggteg aggagctgct cgacatgcat ctggtcgagg gctacggcectce caccgaggcec 1260
gggatgatcc tgatcgacgg agccattecgg cgcccggcegg tactcgacta caagctggte 1320
gatgttceceg acctgggtta cttectgacce gaccggccac atccgegggg cgagttgetg 1380
gtcaagaccg atagtttgtt cccgggctac taccagcgag ccgaagtcac cgccgacgtg 1440
ttcgatgetg acggctteta ccggaccgge gacatcatgg ccgaggtcgg ccccgaacag 1500
ttecgtgtace tcgaccgecg caacaacgtg ttgaagcetgt cgcagggcga gttcecgtcacce 1560
gtctccaaac tcgaageggt gtttggcgac agcccactgg tacggcagat ctacatctac 1620
ggcaacageyg ccegtgecta cctgttggeg gtgategtee ccacccagga ggegetggac 1680
geegtgectyg tegaggaget caaggegegg ctgggegact cgctgcaaga ggtcgcaaag 1740
geegecggee tgcagtcecta cgagatccceg cgcgacttca tcatcgaaac aacaccatgg 1800
acgctggaga acggectgcet caccggeatce cgcaagttgg ccaggccgca gctgaaaaag 1860
cattacggeg agcttcectecga gcagatctac acggacctgg cacacggceca ggccgacgaa 1920
ctgcgcetege tgcgccaaag cggtgccgat gcgecggtge tggtgacggt gtgccegtgeg 1980
gcggecgege tgttgggcegg cagegcectcect gacgtccage ccgatgcgca cttcecaccgat 2040
ttgggcggceg actcgctgte ggcgetgtceg ttcaccaacce tgctgcacga gatcttcecgac 2100
atcgaagtge cggtgggegt catcgtcage ceegecaacyg acttgcagge cctggecgac 2160
tacgtcgagg cggctegcaa acccggeteg tcacggcecga ccttegecte ggtceccacgge 2220
gcctegaatg ggcaggtcac cgaggtgcat geccggtgacce tgtccctgga caaattcatce 2280
gatgccgcaa cectggcecga agcetceccegg ctgccegecg caaacaccca agtgcgcacce 2340
gtgctgctga ccggegecac cggcecttecte gggcgctace tggccecctgga atggctggag 2400
cggatggace tggtcgacgg caaactgatce tgectggtec gggccaagtce cgacaccgaa 2460
geacgggcege ggctggacaa gacgttcgac agcggcgacce ccgaactget ggeccactac 2520
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cgegeactgg ccggegacca cctcgaggtg ctegeceggtyg acaagggcega agcecgaccte 2580
ggactggacce ggcagacctg gcaacgectg gecgacacgg tcgacctgat cgtcgacccece 2640
geggecctygyg tcaaccacgt actgecatac agccagetgt tegggeccaa cgegetggge 2700
accgecgage tgctgegget ggegctcacce tecaagatca agcecctacag ctacacctceg 2760
acaatcggtyg tcgecgacca gatccegecg teggegttea cegaggacge cgacatccgg 2820
gtecatcageyg ccacccgege ggtcgacgac agctacgceca atggctactc gaacagcaag 2880
tgggcceggeg aggtgctgtt gegcgaggceg catgacctgt gtggecctgece ggttgeggtg 2940
ttececgetgeg acatgatcect ggccgacacce acatgggegg gacagctcaa tgtgcecggac 3000
atgttcaccce ggatgatcct gagecctggceg gccaccggta tcgcgecggg ttegttetat 3060
gagettgegyg ccgacggcege ccggcaacgce geccactatg acggtcetgec cgtcgagtte 3120
atcgccgagg cgatttcgac tttgggtgcg cagagccagg atggtttcca cacgtatcac 3180
gtgatgaacc cctacgacga cggcatcgga ctcgacgagt tcegtcgactg gctcaacgag 3240
tceggttgece ccatccageg catcgctgac tatggcgact ggctgcageg cttcecgaaacce 3300
gcactgegeyg cactgcccga tcggcagegg cacagcetcac tgctgecget gttgcacaac 3360
tatcggcage cggageggcece cgtcecgeggg tegatcegece ctaccgateg cttecgggea 3420
geggtgcaayg aggccaagat cggecccgac aaagacattce cgcacgtegg cgegecgatce 3480
atcgtgaagt acgtcagcga cctgcgecta cteggectge tctaa 3525

<210> SEQ I
<211> LENGT.
<212> TYPE:
<213> ORGAN

D NO 10
H: 1174
PRT

ISM: Mycobacterium marinum

<400> SEQUENCE: 10

Met Ser Pro
1

Leu Tyr Ala

Ile Thr Ala
35

Glu Thr Val
50

Ser Val Glu
65

Leu Leu Pro

Ile Ser Ala

Gly Asp Arg

115

Ile Asp Met
130

Thr Ser Ala
145

Pro Thr Met

Leu Ala Leu

Ile Thr Arg Glu Glu

Asn Asp Pro Gln Phe

20

Ala Ile Glu Arg Pro

40

Met Thr Gly Tyr Ala

55

Phe Val Thr Asp Ala

70

His Phe Glu Thr Ile

85

Leu Ala Asp Val Leu

100

Val Cys Leu Leu Gly

120

Thr Leu Ala Arg Leu

135

Ala Ile Thr Gln Leu
150

Ile Ala Ala Ser Val

165

Ser Gly Gln Thr Ala

180

Arg

Ala

Gly

Asp

Gly

Ser

Ser

105

Phe

Gly

Gln

Asp

Thr
185

Leu

10

Ala

Leu

Arg

Thr

Tyr

90

Thr

Asn

Ala

Pro

Ala

170

Arg

Glu

Ala

Pro

Pro

Gly

75

Gly

Glu

Ser

Val

Ile
155

Leu

Val

Arg Arg Ile

Lys Pro Ala

Leu Pro Gln
45

Ala Leu Ala
60

His Thr Thr

Glu Leu Trp

Gln Thr Val
110

Val Asp Tyr
125

Ala Val Pro
140

Val Ala Glu

Ala Asp Ala

Leu Val Phe
190

Gln Asp
15

Thr Ala

Ile Ile

Gln Arg

Leu Arg

80

Asp Arg

Lys Pro

Ala Thr

Leu Gln

Thr Gln

160

Thr Glu
175

Asp His



175

US 9,169,486 B2

-continued

176

Arg

Arg

225

Asp

Thr

Phe

Thr

Tyr

305

Asp

Leu

Ser

Glu

Tyr

385

Ala

Ser

Ala

Leu

Ser

465

Phe

Gly

Leu

Gly

Arg

545

Ala

Glu

Phe

Gly

Arg

Leu

210

Gly

Val

Gly

Trp

Leu

290

Gly

Leu

Thr

Glu

Ala

370

Thr

Trp

Thr

Val

Thr

450

Leu

Asp

Pro

Ser

Asp

530

Ala

Val

Val

Ile

Ile

Gln

195

Ala

Asp

Ser

Ala

Arg

275

Asn

Thr

Ser

Phe

Val

355

Gln

Ser

Val

Glu

Leu

435

Asp

Phe

Ala

Glu

Gln

515

Ser

Tyr

Pro

Ala

Ile
595

Arg

Val

Gly

Val

Asp

Pro

260

Lys

Phe

Leu

Thr

Val

340

Asp

Val

Ala

Glu

Ala

420

Asp

Arg

Pro

Asp

Gln

500

Gly

Pro

Leu

Val

Lys
580

Glu

Lys

Asp

Ser

Pro

Asp

245

Lys

Arg

Met

Cys

Leu

325

Pro

Arg

Lys

Leu

Glu

405

Gly

Tyr

Pro

Gly

Gly

485

Phe

Glu

Leu

Leu

Glu
565
Ala

Thr

Leu

Ala

Ala

Arg

230

Ser

Gly

Thr

Pro

Asn

310

Phe

Arg

Arg

Ala

Thr

390

Leu

Met

Lys

His

Tyr

470

Phe

Val

Phe

Val

Ala

550

Glu

Ala

Thr

Ala

His

Val

215

Gly

Leu

Ala

Trp

Met

295

Gly

Glu

Val

Leu

Glu

375

Gly

Leu

Ile

Leu

Pro

455

Tyr

Tyr

Tyr

Val

Arg

535

Val

Leu

Gly

Pro

Arg

Arg

200

Val

Ala

Ala

Met

Phe

280

Ser

Gly

Asp

Trp

Val

360

Ile

Ser

Asp

Leu

Val

440

Arg

Gln

Arg

Leu

Thr

520

Gln

Ile

Lys

Leu

Trp
600

Pro

Ala

Glu

Ser

Leu

Tyr

265

Glu

His

Thr

Leu

Asp

345

Asp

Arg

Ala

Met

Ile

425

Asp

Gly

Arg

Thr

Asp

505

Val

Ile

Val

Ala

Gln
585

Thr

Gln

Ala

Thr

Ala

Leu

250

Pro

Gly

Val

Ala

Ala

330

Met

Gly

Asn

Pro

His

410

Asp

Val

Glu

Ala

Gly

490

Arg

Ser

Tyr

Pro

Arg
570
Ser

Leu

Leu

Val

Leu

Gly

235

Ile

Arg

Gly

Met

Tyr

315

Leu

Val

Ala

Asp

Ile

395

Leu

Gly

Pro

Leu

Glu

475

Asp

Arg

Lys

Ile

Thr

555

Leu

Tyr

Glu

Lys

Glu

Ala

220

Ser

Tyr

Arg

Tyr

Gly

300

Phe

Val

Phe

Asp

Val

380

Ser

Val

Ala

Asp

Leu

460

Val

Ile

Asn

Leu

Tyr

540

Gln

Gly

Glu

Asn

Lys

Ser

205

Glu

Ala

Thr

Asn

Glu

285

Arg

Val

Arg

Asp

Arg

365

Leu

Asp

Glu

Ile

Leu

445

Val

Thr

Met

Asn

Glu

525

Gly

Glu

Asp

Ile

Gly
605

His

Ala

Ala

Pro

Ser

Val

270

Pro

Gln

Ala

Pro

Glu

350

Val

Gly

Glu

Gly

Arg

430

Gly

Lys

Ala

Ala

Val

510

Ala

Asn

Ala

Ser

Pro
590

Leu

Tyr

Arg

Ile

Gly

Gly

255

Ala

Ser

Ile

Lys

Thr

335

Phe

Ala

Gly

Met

Tyr

415

Arg

Tyr

Thr

Asp

Glu

495

Leu

Val

Ser

Leu

Leu
575
Arg

Leu

Gly

Glu

Ala

Thr

240

Ser

Thr

Ile

Leu

Ser

320

Glu

Gln

Leu

Arg

Lys

400

Gly

Pro

Phe

Asp

Val

480

Val

Lys

Phe

Ala

Asp

560

Gln

Asp

Thr

Glu
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178

Leu
625

Leu

Gln

Leu

705

Tyr

Ser

Asp

Pro

Gly

785

Arg

Ser

Asp

Glu

Gln

865

Ala

Asn

Ile

Pro

Thr

945

Trp

Pro

Ala

Leu

Ala

610

Leu

Arg

Cys

Pro

Ser

690

Gly

Val

Val

Leu

Arg

770

Ala

Met

Asp

Pro

Val

850

Thr

Ala

Ala

Lys

Pro

930

Arg

Ala

Val

Gly

Ala
1010

Glu

Ser

Arg

Asp

675

Phe

Val

Glu

His

Ser

755

Leu

Thr

Asp

Thr

Glu

835

Leu

Trp

Leu

Leu

Pro

915

Ser

Ala

Gly

Ala

Gln
995

Ala Thr Gly Ile Ala

Gln

Leu

Ala

660

Ala

Thr

Ile

Ala

Gly

740

Leu

Pro

Gly

Leu

Glu

820

Leu

Ala

Gln

Val

Gly

900

Tyr

Ala

Val

Glu

Val
980

Leu

Ile

Arg

645

Ala

His

Asn

Val

Ala

725

Ala

Asp

Ala

Phe

Val

805

Ala

Leu

Gly

Arg

Asn

885

Thr

Ser

Phe

Asp

Val
965

Phe

Asn

Tyr

630

Gln

Ala

Phe

Leu

Ser

710

Arg

Ser

Lys

Ala

Leu

790

Asp

Arg

Ala

Asp

Leu

870

His

Ala

Tyr

Thr

Asp

950

Leu

Arg

Val

615

Thr

Ser

Ala

Thr

Leu

695

Pro

Lys

Asn

Phe

Asn

775

Gly

Gly

Ala

His

Lys

855

Ala

Val

Glu

Thr

Glu

935

Ser

Leu

Cys

Pro

101

Asp

Gly

Leu

Asp

680

His

Ala

Pro

Gly

Ile

760

Thr

Arg

Lys

Arg

Tyr

840

Gly

Asp

Leu

Leu

Ser

920

Asp

Tyr

Arg

Asp

Asp Met Phe Thr Arg Met

1000

Leu

Ala

Leu

665

Leu

Glu

Asn

Gly

Gln

745

Asp

Gln

Tyr

Leu

Leu

825

Arg

Glu

Thr

Pro

Leu

905

Thr

Ala

Ala

Glu

Met
985

Ala

Asp

650

Gly

Gly

Ile

Asp

Ser

730

Val

Ala

Val

Leu

Ile

810

Asp

Ala

Ala

Val

Tyr

890

Arg

Ile

Asp

Asn

Ala
970

Ile

His

635

Ala

Gly

Gly

Phe

Leu

715

Ser

Thr

Ala

Arg

Ala

795

Cys

Lys

Leu

Asp

Asp

875

Ser

Leu

Gly

Ile

Gly

955

His

Leu

620

Gly

Pro

Ser

Asp

Asp

700

Gln

Arg

Glu

Thr

Thr

780

Leu

Leu

Thr

Ala

Leu

860

Leu

Gln

Ala

Val

Arg

940

Tyr

Asp

Ala

Gln

Val

Ala

Ser

685

Ile

Ala

Pro

Val

Leu

765

Val

Glu

Val

Phe

Gly

845

Gly

Ile

Leu

Leu

Ala

925

Val

Ser

Leu

Asp

Ala

Leu

Ser

670

Leu

Glu

Leu

Thr

His

750

Ala

Leu

Trp

Arg

Asp

830

Asp

Leu

Val

Phe

Thr

910

Asp

Ile

Asn

Cys

Thr
990

Ile Leu Ser

1005

Pro Gly Ser Phe Tyr
1020

5

Asp

Val

655

Asp

Ser

Val

Ala

Phe

735

Ala

Glu

Leu

Leu

Ala

815

Ser

His

Asp

Asp

Gly

895

Ser

Gln

Ser

Ser

Gly

975

Thr

Glu

640

Thr

Val

Ala

Pro

Asp

720

Ala

Gly

Ala

Thr

Glu

800

Lys

Gly

Leu

Arg

Pro

880

Pro

Lys

Ile

Ala

Lys

960

Leu

Trp

Glu Leu Ala

Asp Gly Ala Arg Gln Arg Ala His Tyr Asp Gly Leu Pro Val
1035

1025

103

0
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180

Glu Phe 1Ile Ala Glu

1040

Asp Gly Phe His Thr

1055

Ile Gly Leu Asp Glu

1070

Pro Ile Gln Arg Ile

1085

Glu Thr Ala Leu Arg

1100

Leu Leu Pro Leu Leu

1115

Arg Gly Ser Ile Ala

1130

Glu Ala Lys Ile Gly

1145

Pro Ile 1Ile Val Lys

1160

<210> SEQ ID NO 11
<211> LENGTH: 3522

<212> TYPE:

DNA

Ala Ile Ser
1045

Tyr His Val
1060

Phe Val Asp
1075

Ala Asp Tyr
1090

Ala Leu Pro
1105

His Asn Tyr
1120

Pro Thr Asp
1135

Pro Asp Lys
1150

Tyr Val Ser
1165

Thr Leu Gly Ala Gln

1050

Met Asn Pro Tyr Asp

1065

Trp Leu Asn Glu Ser

1080

Gly Asp Trp Leu Gln

1095

Asp Arg Gln Arg His

1110

Arg Gln Pro Glu Arg

1125

Arg Phe Arg Ala Ala

1140

Asp Ile Pro His Val

1155

Asp Leu Arg Leu Leu

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence:

1170

carboxylic acid reductase polynucleotide
designated 891GA

<400> SEQUENCE: 11

atgagcaccyg

gatccgcagt

ggtctgegte

ctgggtcage

ctgetgecte

ggtcgtgeac

aatagcgttyg

cecgetgeaga

accctgattyg

gaacaggcac

gaagcagttce

gcagaactge

gatagcctgg

tatccgcaga

agcgcagcaa

ctgtatggca

accetgetygyg

tgggaaaccc

gatgccggtg

caacccatga

ttgcagcage

tgccgcagat

gtgttgttga

gttttgaaac

tgagtgatga

attatgccac

ccagcgeage

caagcagcgt

cgaccegtet

aggatgcage

tggaacgtgg

cactgetgat

gcaatgttgg

gcattaccct

ccctgggtaa

aagatctgga

tgtatggtga

aacgtegtge

tgaacgtctyg

acagccggat

tattcgtacc

atttgttacc

cattacctat

tgcagttcat

cattgatatg

aattagcagc

taatcagetg

ggttgttttt

agcacgtetyg

taaagatctg

ttataccage

taaaatgtgg

gaatttcatg

tggtggcacc

actggttegt

atttcagegt

agttgaagca

gatcgtegty

cctgcaatta

gttetggatyg

gatgcaaaaa

agcgaagttyg

cegggtgate

gcactgggtg

ctgcagecga

tcagatgcag

gattatcatc

agcagcaccg

cctgcagttyg

ggtagcacag

cgtegtggta

ccgatgagec

gcatattttyg

ccgaccgaac

caggttgaac

gaagttctgg

ttcatgaact

ccgcageact

gttatgcaga

ceggtegtac

cacagcgtgt

gtgtttgtgt

caattggtge

ttgttgcaga

ttcagctgat

cgcaggttga

gtgttgcagt

cagaaccgec

gtgcaccgaa

gcaaaaattg

atgttatggg

cagcacgtag

tgaattttgt

gtcegtetgag

cagaacagcg

Ser Gln

Asp Gly

Gly Cys

Arg Phe

Ser Ser

Pro Val

Val Gln

Gly Ala

Gly Leu

Synthetic
gattgcaacc 60
ggaacagcct 120
tcgtecggea 180
cagcgcacag 240
tagcgcactyg 300
tctgggtttt 360
agttagecgtt 420
aaccgaaccyg 480
taccggtgca 540
tgatcagcgt 600
tcagaccctyg 660
tgcagatgaa 720
aggtgcaatyg 780
gtttggtgaa 840
tcgtageatt 900
cgatctgagce 960
tcegegtatt 1020
cgaagctggce 1080
tcagtatctyg 1140
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-continued
ctgggtggtce gttttacctt tgcaatgacc ggtagcgcac cgattagtcce ggaactgegt 1200
aattgggttg aaagcctgct ggaaatgcat ctgatggatg gctatggtag caccgaagca 1260
ggtatggttc tgtttgatgg cgaaattcag cgtccgcctyg tgattgatta taaactggtt 1320
gatgttcecgg atctgggtta ttttagcacc gatcgtccge atccgegtgg tgaactgetg 1380
ctgcgtaccg aaaatatgtt tccgggttat tataaacgtg cagaaaccac cgcaggcgtt 1440
tttgatgaag atggttatta tcgtaccggt gatgtgtttg cagaaattgc accggatcgt 1500
ctggtttatg ttgatcgtcg taataatgtt ctgaaactgg cacagggtga atttgtgacc 1560
ctggccaaac tggaagcagt ttttggtaat agtccgctga ttcgtcagat ttatgtgtat 1620
ggtaatagcg cacagccgta tctgctggca gttgttgtte cgaccgaaga ggcactggca 1680
agcggtgate cggaaaccct gaaaccgaaa attgcagata gectgcagca ggttgcaaaa 1740
gaagcaggtc tgcagagcta tgaagttccg cgtgatttta ttattgaaac caccccgttt 1800
agcctggaaa atggtctgcet gaccggtatt cgtaaactgg catggccgaa actgaaacag 1860
cattatggtg aacgcctgga acaaatgtat gcagatctgg cagcaggtca ggcaaatgaa 1920
ctggccgaac tgcgtcgtaa tggtgcacag gcaccggttce tgcagaccgt tagccgtgca 1980
gccggtgcaa tgctgggtag cgcagccagce gatctgagte cggatgcaca ttttaccgat 2040
ctgggtggtg atagcctgag cgcactgacce tttggtaatc tgctgcgtga aatttttgat 2100
gttgatgtgc cggttggtgt tattgttagt ccggctaatg atctggcagc cattgcaagce 2160
tatattgaag cagaacgtca gggtagcaaa cgtccgacct ttgcaagcgt tcatggtegt 2220
gatgcaaccg ttgttcgtge agcagatctg accctggata aatttctgga tgcagaaacce 2280
ctggcagcag caccgaatct gccgaaaccg gcaaccgaag ttegtacegt getgetgaca 2340
ggtgcaaccyg gttttectggg tcecgttatcetg gcactggaat ggctggaacg tatggatatg 2400
gttgatggta aagttattgc actggttcgt gcccgtagtyg atgaagaagc acgcgcacgt 2460
ctggataaaa cctttgatag tggtgatccg aaactgctgg cacattatca gcagctggcet 2520
gcagatcatc tggaagttat tgccggtgat aaaggtgaag caaatctggg tctgggtcag 2580
gatgtttggc agcgtctgge agataccgtt gatgttattg tggatccggce agcactggtt 2640
aatcatgttc tgccgtatag cgaactgttt ggtccgaatg cactgggcac cgcagaactg 2700
attcgtetgg cactgaccag caaacagaaa ccgtatacct atgttagcac cattggtgtt 2760
ggcgatcaga ttgaaccggg taaatttgtt gaaaatgccg atattcgtca gatgagcgca 2820
acccgtgcaa ttaatgatag ctatgcaaat ggctacggca atagcaaatg ggcaggcgaa 2880
gttctgctge gcgaagcaca tgatctgtgt ggtctgccgg ttgcagtttt tcegttgtgat 2940
atgattctgg ccgataccac ctatgcaggt cagctgaatc tgccggatat gtttaccegt 3000
ctgatgctga gecctggttge aaccggtatt gcaccgggta gettttatga actggatgca 3060
gatggtaatc gtcagcgtgce acattatgat ggcctgccgg ttgaatttat tgcagcagece 3120
attagcaccc tgggttcaca gattaccgat agcgataccg gttttcagac ctatcatgtt 3180
atgaacccgt atgatgatgg tgttggtctg gatgaatatg ttgattggct ggttgatgcece 3240
ggttatagca ttgaacgtat tgcagattat agcgaatggc tgcgtcgett tgaaacctca 3300
ctgcgtgcac tgccggatceg tcagcgccag tatagcecctge tgccgectget gcacaattat 3360
cgtacaccgg aaaaaccgat taatggtagc attgcaccga ccgatgtttt tegtgcagcece 3420
gttcaagaag ccaaaattgg tccggataaa gatattccge atgttageccce tccggtgatt 3480
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184

gttaaatata ttaccgatct gcagctgctg ggtctgctgt aa 3522

<210> SEQ ID NO 12

<211> LENGTH: 1173

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
carboxylic acid reductase polypeptide
designated 891GA

<400> SEQUENCE: 12

Met Ser Thr Ala Thr His Asp Glu Arg Leu Asp Arg Arg Val His Glu
1 5 10 15

Leu Ile Ala Thr Asp Pro Gln Phe Ala Ala Ala Gln Pro Asp Pro Ala
20 25 30

Ile Thr Ala Ala Leu Glu Gln Pro Gly Leu Arg Leu Pro Gln Ile Ile
35 40 45

Arg Thr Val Leu Asp Gly Tyr Ala Asp Arg Pro Ala Leu Gly Gln Arg
50 55 60

Val Val Glu Phe Val Thr Asp Ala Lys Thr Gly Arg Thr Ser Ala Gln
65 70 75 80

Leu Leu Pro Arg Phe Glu Thr Ile Thr Tyr Ser Glu Val Ala Gln Arg
85 90 95

Val Ser Ala Leu Gly Arg Ala Leu Ser Asp Asp Ala Val His Pro Gly
100 105 110

Asp Arg Val Cys Val Leu Gly Phe Asn Ser Val Asp Tyr Ala Thr Ile
115 120 125

Asp Met Ala Leu Gly Ala Ile Gly Ala Val Ser Val Pro Leu Gln Thr
130 135 140

Ser Ala Ala Ile Ser Ser Leu Gln Pro Ile Val Ala Glu Thr Glu Pro
145 150 155 160

Thr Leu Ile Ala Ser Ser Val Asn Gln Leu Ser Asp Ala Val Gln Leu
165 170 175

Ile Thr Gly Ala Glu Gln Ala Pro Thr Arg Leu Val Val Phe Asp Tyr
180 185 190

His Pro Gln Val Asp Asp Gln Arg Glu Ala Val Gln Asp Ala Ala Ala
195 200 205

Arg Leu Ser Ser Thr Gly Val Ala Val Gln Thr Leu Ala Glu Leu Leu
210 215 220

Glu Arg Gly Lys Asp Leu Pro Ala Val Ala Glu Pro Pro Ala Asp Glu
225 230 235 240

Asp Ser Leu Ala Leu Leu Ile Tyr Thr Ser Gly Ser Thr Gly Ala Pro
245 250 255

Lys Gly Ala Met Tyr Pro Gln Ser Asn Val Gly Lys Met Trp Arg Arg
260 265 270

Gly Ser Lys Asn Trp Phe Gly Glu Ser Ala Ala Ser Ile Thr Leu Asn
275 280 285

Phe Met Pro Met Ser His Val Met Gly Arg Ser Ile Leu Tyr Gly Thr
290 295 300

Leu Gly Asn Gly Gly Thr Ala Tyr Phe Ala Ala Arg Ser Asp Leu Ser
305 310 315 320

Thr Leu Leu Glu Asp Leu Glu Leu Val Arg Pro Thr Glu Leu Asn Phe
325 330 335

Val Pro Arg Ile Trp Glu Thr Leu Tyr Gly Glu Phe Gln Arg Gln Val
340 345 350
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186

Glu

Glu

Phe

385

Asn

Ser

Pro

Ser

Asn

465

Phe

Ala

Leu

Gly

Gln

545

Ser

Gln

Phe

Gly

Arg

625

Leu

Ser

Leu

705

Tyr

Asp

Arg

Ala

370

Thr

Trp

Thr

Val

Thr

450

Met

Asp

Pro

Ala

Asn

530

Pro

Gly

Val

Ile

Ile

610

Leu

Ala

Ser

Pro

Thr

690

Gly

Ile

His

Lys

Arg

355

Glu

Phe

Val

Glu

Ile

435

Asp

Phe

Glu

Asp

Gln

515

Ser

Tyr

Asp

Ala

Ile

595

Arg

Glu

Glu

Arg

Asp

675

Phe

Val

Glu

Gly

Phe
755

Leu

Val

Ala

Glu

Ala

420

Asp

Arg

Pro

Asp

Arg

500

Gly

Pro

Leu

Pro

Lys

580

Glu

Lys

Gln

Leu

Ala

660

Ala

Gly

Ile

Ala

Arg
740

Leu

Ser

Leu

Met

Ser

405

Gly

Tyr

Pro

Gly

Gly

485

Leu

Glu

Leu

Leu

Glu

565

Glu

Thr

Leu

Met

Arg

645

Ala

His

Asn

Val

Glu
725

Asp

Asp

Glu

Ala

Thr

390

Leu

Met

Lys

His

Tyr

470

Tyr

Val

Phe

Ile

Ala

550

Thr

Ala

Thr

Ala

Tyr

630

Arg

Gly

Phe

Leu

Ser
710
Arg

Ala

Ala

Ala

Glu

375

Gly

Leu

Val

Leu

Pro

455

Tyr

Tyr

Tyr

Val

Arg

535

Val

Leu

Gly

Pro

Trp

615

Ala

Asn

Ala

Thr

Leu

695

Pro

Gln

Thr

Glu

Gly

360

Gln

Ser

Glu

Leu

Val

440

Arg

Lys

Arg

Val

Thr

520

Gln

Val

Lys

Leu

Phe

600

Pro

Asp

Gly

Met

Asp

680

Arg

Ala

Gly

Val

Thr
760

Asp

Arg

Ala

Met

Phe

425

Asp

Gly

Arg

Thr

Asp

505

Leu

Ile

Val

Pro

Gln

585

Ser

Lys

Leu

Ala

Leu

665

Leu

Glu

Asn

Ser

Val

745

Leu

Ala

Gln

Pro

His

410

Asp

Val

Glu

Ala

Gly

490

Arg

Ala

Tyr

Pro

Lys

570

Ser

Leu

Leu

Ala

Gln

650

Gly

Gly

Ile

Asp

Lys

730

Arg

Ala

Gly

Tyr

Ile

395

Leu

Gly

Pro

Leu

Glu

475

Asp

Arg

Lys

Val

Thr

555

Ile

Tyr

Glu

Lys

Ala

635

Ala

Ser

Gly

Phe

Leu
715
Arg

Ala

Ala

Glu

Leu

380

Ser

Met

Glu

Asp

Leu

460

Thr

Val

Asn

Leu

Tyr

540

Glu

Ala

Glu

Asn

Gln

620

Gly

Pro

Ala

Asp

Asp

700

Ala

Pro

Ala

Ala

Arg

365

Leu

Pro

Asp

Ile

Leu

445

Leu

Thr

Phe

Asn

Glu

525

Gly

Glu

Asp

Val

Gly

605

His

Gln

Val

Ala

Ser

685

Val

Ala

Thr

Asp

Pro
765

Arg

Gly

Glu

Gly

Gln

430

Gly

Arg

Ala

Ala

Val

510

Ala

Asn

Ala

Ser

Pro

590

Leu

Tyr

Ala

Leu

Ser

670

Leu

Asp

Ile

Phe

Leu
750

Asn

Ala

Gly

Leu

Tyr

415

Arg

Tyr

Thr

Gly

Glu

495

Leu

Val

Ser

Leu

Leu

575

Arg

Leu

Gly

Asn

Gln

655

Asp

Ser

Val

Ala

Ala
735

Thr

Leu

Val

Arg

Arg

400

Gly

Pro

Phe

Glu

Val

480

Ile

Lys

Phe

Ala

Ala

560

Gln

Asp

Thr

Glu

Glu

640

Thr

Leu

Ala

Pro

Ser
720
Ser

Leu

Pro
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188

Lys

Phe

785

Ala

Leu

Gly

Arg

865

Asn

Thr

Thr

Phe

Asn

945

Phe

Asn

Gly

Arg

Ala

Gly

Gly

Ile

Thr

Leu

Gly

Ala

Pro
770

Leu

Asp

Arg

Ala

Asp
850

Leu

His

Ala

Tyr

Val

930

Asp

Leu

Arg

Leu

Ile

1010

Gln
1025

Ala
1040

Phe
1055

Leu
1070

Glu
1085

Ser
1100

Pro
1115

Ser
1130

Lys
1145

Ile
1160

Ala

Gly

Gly

Ala

His

835

Lys

Ala

Val

Glu

Val

915

Glu

Ser

Leu

Cys

Pro

995

Ala

Arg

Ile

Gln

Asp

Arg

Leu

Leu

Ile

Ile

Val

Thr

Arg

Glu

Tyr

Lys Val

Arg

820

Tyr

Gly

Asp

Leu

Leu

900

Ser

Asn

805

Leu

Gln

Glu

Thr

Pro

885

Ile

Thr

Ala

Tyr Ala

Arg

Asp

980

Asp

Pro

Ala

Ser

Thr

Glu

Ile

Arg

Leu

Ala

Gly

Lys

Glu
965

Met

Met

Val

Leu

790

Ile

Asp

Gln

Ala

Val

870

Tyr

Arg

Ile

Asp

Asn

950

Ala

Ile

Phe

Gly Ser

His

Thr

Tyr

Tyr

Ala

Ala

His

Pro

Pro

Tyr

Tyr

Arg
775

Ala

Ala

Lys Thr

Leu Ala

Thr

Leu

Leu

Val

Glu

Val

Phe

Leu

Trp

Arg

Leu

Leu

Thr Gly

780

795

810

825

840

Asn
855

Asp

Ser Glu

Leu Ala

Gly Val

Leu

Val

Ala

Gly

Ile

Leu

Leu

Asp

Asp

Leu

Val

Phe

Ala

Ser

His

Gly

Asp

Glu Arg

Arg Ser

Gly Asp

Leu Glu

845

Gln Asp

860

875

890

905

920

Ile Arg

935

Gly Tyr

His Asp

Leu Ala

Thr Arg Leu Met Leu Ser Leu Val Ala Thr

Gly

Gln

Gly

Leu

Asp

Thr

Asp

Met

Asn

Cys

Gly

Ser

Gln

Ser

Ser

Pro Ala

Pro Asn

Lys Gln

Ile Glu

925

Ala Thr

940

955

970

985

1000

Phe
1015

Asp
1030

Leu Gly

His

Val

Asp

1045

Val
1060

Asp
1075

Tyr
1090

Leu Pro

1105

Asn Tyr

Thr

Asp

Ile

1120

Asp
1135

Lys
1150

Thr
1165

Tyr

Gly

Ser

Met

Trp

Ser

Asp

Arg

Val

Asp

Asp

Glu

Leu

Gln

Asn

Leu

Glu

Arg

Thr

Phe

Ile

Leu

Thr

Leu

Pro

Ile

Pro

Val

Trp

Gln

Pro

Arg

Pro

Gln

Gly

Thr

Asp

Val

Thr

Tyr

Asp

Leu

Arg

Glu

Ala

His

Leu

Lys Trp

Leu Pro

Tyr Ala

10

Ala
1020

Glu
1035

Asp
1050

Asp
1065

Ala
1080

Arg
1095

Gln
1110

Lys
1125

Ala
1140

Val
1155

Leu
1170

Ala

Met

Asp

Pro

830

Val

Val

Ala

Ala

Lys

910

Pro

Arg

Ala

Val

Gly
990

05

Thr

Asp

Gly

Met
800

Glu Glu

815

Lys

Ile

Trp

Leu

Ala

Gln

Leu Val

880

Leu Gly

895

Pro

Tyr

Gly Lys

Ala

Ile

Gly Glu

Ala
975

960

Val

Gln Leu

Asp Gly Asn

Phe

Ile

Ser Asp

Asp

Gly

Arg

Tyr

Pro

Val

Ser

Gly

Gly

Tyr

Phe

Ser

Ile

Gln

Pro

Leu

Ala

Thr

Val

Ser

Glu

Leu

Asn

Glu

Pro

Leu
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What is claimed is:
1. A non-naturally occurring microbial organism, said
microbial organism having a butadiene pathway and compris-
ing at least two exogenous nucleic acids each encoding a
butadiene pathway enzyme expressed in a sufficient amount
to produce butadiene, wherein said butadiene pathway com-
prises the butadiene pathway enzymes of an acetyl-CoA:
acetyl-CoA acyltransferase, an acetoacetyl-CoA reductase, a
3-hydroxybutyryl-CoA dehydratase, a crotonyl-CoA reduc-
tase (aldehyde forming), a crotonaldehyde reductase (alcohol
forming), a crotyl alcohol kinase, a 2-butenyl-4-phosphate
kinase and a butadiene synthase; said microbial organism
further comprising:
(a) areductive TCA pathway comprising at least one exog-
enous nucleic acid encoding a citryl-CoA synthetase or
a citryl-CoA lyase; or

(b) areductive TCA pathway comprising at least one exog-
enous nucleic acid encoding a phosphoenolpyruvate
carboxylase or a phosphoenolpyruvate carboxykinase.

2. The non-naturally occurring microbial organism of
claim 1, wherein said microbial organism comprising (a)
further comprises an exogenous nucleic acid encoding an
enzyme selected from an ATP-citrate lyase, a citrate lyase, a
fumarate reductase, an alpha-ketoglutarate:ferredoxin oxi-
doreductase, a pyruvate:ferredoxin oxidoreductase, an aconi-
tase, an isocitrate dehydrogenase, a succinyl-CoA synthetase,
a succinyl-CoA transferase, a fumarase, a malate dehydroge-
nase, an acetate kinase, a phosphotransacetylase, an acetyl-
CoA synthetase, an NAD(P)H:ferredoxin oxidoreductase,
ferredoxin, and combinations thereof.

3. The non-naturally occurring microbial organism of
claim 1, wherein said microbial organism comprising (b)
further comprises an exogenous nucleic acid encoding an
enzyme selected from an aconitase, an isocitrate dehydroge-
nase, a succinyl-CoA synthetase, a succinyl-CoA transferase,
a fumarase, a malate dehydrogenase, and combinations
thereof.

4. The non-naturally occurring microbial organism of
claim 1, wherein said microbial organism comprises two,
three, four, five, six or seven exogenous nucleic acids each
encoding an enzyme of the butadiene pathway.

5. The non-naturally occurring microbial organism of
claim 1, wherein said microbial organism comprises exog-
enous nucleic acids encoding each of the enzymes of an
acetyl-CoA:acetyl-CoA acyltransferase, an acetoacetyl-CoA
reductase, a 3-hydroxybutyryl-CoA dehydratase, a crotonyl-
CoA reductase (aldehyde forming), a crotonaldehyde reduc-
tase (alcohol forming), a crotyl alcohol kinase, a 2-butenyl-
4-phosphate kinase and a butadiene synthase.

30
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6. The non-naturally occurring microbial organism of
claim 1, wherein said microbial organism comprises two or
three exogenous nucleic acids each encoding enzymes of (a)
or (b).

7. The non-naturally occurring microbial organism of
claim 6, wherein said microbial organism comprising (a)
comprises four exogenous nucleic acids encoding a citryl-
CoA synthetase, a citryl-CoA lyase, a fumarate reductase,
and an alpha-ketoglutarate: ferredoxin oxidoreductase;

wherein said microbial organism comprising (b) comprises

four exogenous nucleic acids encoding a pyruvate:ferre-
doxin oxidoreductase, a phosphoenolpyruvate carboxy-
lase or a phosphoenolpyruvate carboxykinase, a CO
dehydrogenase, and an H, hydrogenase; or

wherein said microbial organism comprising (a) or (b)

comprises two exogenous nucleic acids encoding CO
dehydrogenase and H, hydrogenase.

8. The non-naturally occurring microbial organism of
claim 1, wherein said at least one exogenous nucleic acid is a
heterologous nucleic acid.

9. The non-naturally occurring microbial organism of
claim 1, wherein said non-naturally occurring microbial
organism is in a substantially anaerobic culture medium.

10. The non-naturally occurring microbial organism of
claim 1, wherein said microbial organism comprises two
exogenous nucleic acids each encoding an enzyme of the
butadiene pathway.

11. The non-naturally occurring microbial organism of
claim 1, wherein said microbial organism comprises three
exogenous nucleic acids each encoding an enzyme of the
butadiene pathway.

12. The non-naturally occurring microbial organism of
claim 1, wherein said microbial organism comprises four
exogenous nucleic acids each encoding an enzyme of the
butadiene pathway.

13. The non-naturally occurring microbial organism of
claim 1, wherein said microbial organism comprises five
exogenous nucleic acids each encoding an enzyme of the
butadiene pathway.

14. The non-naturally occurring microbial organism of
claim 1, wherein said microbial organism comprises six
exogenous nucleic acids each encoding an enzyme of the
butadiene pathway.

15. The non-naturally occurring microbial organism of
claim 1, wherein said microbial organism comprises seven
exogenous nucleic acids each encoding an enzyme of the
butadiene pathway.

16. A method for producing butadiene, comprising cultur-
ing the non-naturally occurring microbial organism of claim
1 under conditions and for a sufficient period of time to
produce butadiene.



